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ABS1RACT 
The studies described in this thesis have examined the 
possibility that free radical species are generated during 
acute exercise in man and that these are involved in the 
damage to muscle which occurs in some subjects. 
Three studies of exercising and control subjects were 
undertaken : the shuttle running, step exercise until 
exhaustion, stepping for 30 minutes Blood samples were 
analysed for serum Creatine Kinase (CK) activity (an indicator 
of muscle damage), serum Thiobarbituric Acid reactivity 
(TBARS- an indicator of lipid peroxidation), the activity of 
the antioxidant enzymes: Superoxide Dismutase (SOD), Catalase 
(CAT), Glutathione peroxidase (GPX) and the antioxidants, 
Vitamin E, Vitamin C and glutathione (GSH). 
Serum CK activity was found to be hugely variable, and the 
only significant change in the group data was a rise at 120 
hours after 30 minutes of step exercise. This was mainly due 
to large increases in the enzymatic activity in two subjects. 
No significant changes in TBARS were seen. The changes in 
antioxidants which were seen following the different exercise 
regimens were variable, but can be summarised as follows : 
1. The highly aerobic shuttle running produced a fall in 
Vitamin C and Vitamin E levels following the exercise. NO 
other significant changes in the antioxidant systems were 
seen. 
2. Stepping exercise involving considerable eccentric muscular 
activity led to an increase in the activity of erythrocyte 
SOD, CAT, GPX, a fall in the total erythrocyte glutathione and 
an increase in the proportion of glutathione present in the 
oxidised form. Plasma Vitamin E levels were also reduced 
following the stepping, exercise. 
These changes the~efore appear to indicate that free 
radical species may be produced in excess in both types of 
exercise, but clearly different pathways must be involved 
because of the different patterns of changes which result. 
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CHAPTER 1. 
INTRODUCTION 
1 
All people undertake some type of exercise. The type of 
exercise can be classified onthe basis of the muscular activity 
involved for example as intermittent rhythmic, such as that 
involved in walking. or running, or maintained isometric 
exercise, such as that'used in pushing loads. 
Alternatively the type of exercise can also be classified 
on the basis of the different energy systems involved, (110). 
Performances of short duration and high intensity require 
an immediate and rapidly available fuel supply, which is 
stored in muscles as the high energy phosphates ATP (Adenosine 
. triphosphate), CP (Creatinine Phosphate) and as Glycogen. This 
type of exercise is called anaerobic as it does not require 
oxygen for ATP production. However if the vigorous activity 
proceeds beyond 2 O~,3 m~nutes oxygen is required for ATP 
production and resynthesis, this type of exercise is called 
aerobic. 
Fig 1.1. 
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Fig 1.1. shows the oxygen consumption during slow jogging. The. 
initial phase of activity is predominantly anaerobic and is 
followed by a rapid rise in oxygen consumption until a plateau 
phase is reached. This steady state represents a balance 
between the energy required by the working muscle and.the rate 
of ATP production via aerobic metabolism, from W.D.McArdle et 
al (110). 
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In exercise energy is used to provide fuel for different 
types of dynamic muscle contraction. As a result of 
unaccustomed or excessive exercise a temporary period of 
muscle pain and loss of function can occur. These are thought 
to be indicative of damage to the muscle fibres. Direct 
studies of muscle in subjects following endurance exercise 
indicate that muscle damage can occur (110), although this is 
an inconsistent finding. 
1.1 KORPBOLOGICAL, KECBANXCAL AHD METABOLIC DIFFERENCES 
BBT1fBBN ECCBNTRIC AIm CONCBNTRIC SKELETAL IlUSCLE CONTRACTIONS. 
All types of exercise involve muscle contraction, but some 
exercise protocols involve principally lengthening 
(eccentric), shortening (concentric) or isometric use of the 
muscles. It is well established that repetitive use of muscle 
in an eccentric manner is considerably more damaging to the 
muscle than primarily isometric or concentric activity. 
Eccentric activity generates greater tension per muscle fibre 
than concentric or isometric activity. Relatively fewer muscle 
fibres are recruited, but these produce relatively large 
forces, (91,39). This type of exercise results in a greater 
loss of voluntary and electrically stimulated force generation 
than shortening ones, (98). 
Concentric activity is more energy consuming but produces 
less post-exercise pain and tenderness than eccentric 
(128,116). 
4 
The ability to sustain tension during post-exercise 
isometric contractions is impaired following eccentric 
activity, (58), and this type of exercise results in focal 
myofibrillar disruptions, although'there are no morphological 
abnormalities in muscles that contracted concentrically for an 
acquired duration, (126). This has been demonstrated in muscle 
biopsies taken immediately after unaccustomed, lengthening 
exercise, (59,126) as shown in Fig, 1.2 taken from Newham et 
al, (126). 
. 
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Investigation of. the activity of Creatine Kinase (CK), 
( a marker muscle damage) in serum has shown a delayed rise in 
the serum activity of this enzyme following lengthening rather 
than shortening contractions, (37,151). 
Table, 1.1. summarises the characteristics of different types 
of dynamic contractile activity. 
ECCENTRIC CONCENTRIC 
. 
Movement of· muscle lengthening shortening. 
Mechanical forces high low 
Electrical activity . low high 
. 
Metabolic cost low high 
. 
Tendency to induce: 
. 
-damage high .·low 
. 
-fatigue high· low 
. 
-pain high low 
Derived from Jackson·(116). 
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1.2. ECCBRTRXC EltERCXSE AB DE JlOST DAnGXBG TYPE OF XUSCULaR 
ACT:IVXTY, (EDJlPLES OP HOHAlf ED'ERl:JIEBTAL JlODELS, DEXR 
AD~AGES ABO DXSAD~AGES). 
There are three different models of eccentric exercise that 
are readily studied in human subjects : 
- biceps stretching (131,146,151) 
- downhill running (160) 
- stepping (126). 
stretching the activated biceps has the advantage that only a 
clearly defined muscle is exercised,.and the other arm can be 
used as a reference. In addition the peak force of each 
eccentric action can be recorded and the weight load easily 
adjusted exclusively for each subject, (131,146,151). 
In contrast,·downhi~+ rupning involves the activation of large 
groups of muscles and involves considerable metabolic 
activity, which makes it complicated to study, (160). No 
reference group of accessible muscles is used in a concentric 
manner in this form of exercise. 
The stepping technique involves the use of a group of muscles 
in one leg in an eccentric manner and a group in the other leg 
concentrically. It is believed to be very reliable, provided 
that the step height is adjusted to allow for the subject's 
leg length, (126). It is a simple and comparative method. 
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1.3. BIOCBEJaCAL BVIDD'CB POll JlUSCLB DADGB CAOSBD BY 
COBTRACTIOHS. 
Eccentric exercise results in morphological changes 
represented by disorganisation of the internal architecture of 
the muscle fibre, (126)." 
Initial changes in myofibrillar appearance are apparent 
immediately after exercise at which time there is no muscle 
pain, but force generation is reduced, (126). The 
morphological changes progress with time and are accompanied 
by a delayed release of CK into the blood stream, (127). 
However, the magnitude of the rise in plasma CK activity 
after a similar bout of exercise may differ greatly between 
individuals. This unexplained phenomenon has led irivestigators 
to suggest that there may be different groups of subjects 
differentiated by the release of CK post-exercise : 'no, low 
and high responders,(36). It has also been found that after 
comparable amounts of exercise, males have a higher plasma CK 
activity than females, (73). The greater muscle damage 
suffered by males is due to the fact that androgenic steroids 
increase the CK afflux whereas oestrogen inhibit enzyme 
release, (8,9,16).Van der Meulen et aI, (119) compared the 
amount of morphological damage to the CK release and concluded 
that enzyme release overestimates the amount of damage. 
Increases in plasma CK activity may not therefore always 
reflect structural damage to the fibre contents. 
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Additional indirect biochemical evidence for muscle damage 
following lengthening exercise in humans, includes an increase 
in urinary 3-methylhistidine excretion, (45). 
This amino acid is obtained principally from the breakdown 
of actomyosin. Roger et aI, (147) , also observed an increased 
leucine oxidation that was sustained for up to ten days after 
exercise. 
1.3.1 DBUYED ONSft JroSCLB PAIN AS A RBSULT OP 
BCCENTRIC BXERCISB 
All forms of unaccustomed exercise can cause delayed onset 
muscle soreness (DOMS). 
This soreness, which appears 24 - 48 hours after strenuous 
exercise is a sensation of discomfort and pain that has been 
associated with the eccentric component of muscular 
contractions, (128,127,1,43,57,58,15). It has been proposed 
that the structural muscle injuries resulting from elevated 
muscle tension are responsible for DOMS, (58). It has been 
suggested that the tearing of the contractile and/or 
cytoskeletal components of the fibres may release protein-
associated ions leading to increased osmotic pressure and 
muscle oedema, (55,56). The resulting-increased pressure may 
activate group four sensory neurones that terminate in free 
nerve endings predominantly distributed in the muscle 
connective tissue between fibres, (117). The end result of 
this process may be a dull diffuse pain felt several days 
after the lengthening exercise. 
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1. •• PROPOSED KEClDUfISMS OJ' KUSCLB DAnGB DUB ro BCCBii1'RXC 
BXERCXSB 
It has been proposed that muscle damage due to eccentric 
activity is induced by either physical or metabolical factors, 
(125,158). 
1 ••• 1. KECHAJfl:CAL 1'lIB0RY OJ' KUSCLB DAnGB DUB TO 
LBllGTIIBNl:NG ACi'XVXTY. 
The physical hypotheses can be divided into two categories 
temperature or mechanical- induced muscle fibre injury. 
The proposed temperature-induced mechanisms are based on 
the finding that during eccentric. exercise the intramuscular 
temperature is higher than during comparable concentric 
activity with equivalent metabolic or heat production rates 
(equal to metabolic rate minus work rate), (26,33,125). 
Under these conditions it is possible that the rate of 
structural lipid and protein degradation is increased and 
sarcolemmal viscosity is decreased, (125). These changes could 
enhance the rate of membrane degradation, (33). However 
caution must be used in evaluating the role of temperature in 
muscle damage. The greater temperature seen with lengthening 
activity is probably a consequence of slower heat removal 
rather than higher heat production. 
10 
proposed physical mechanisms of damage focus on aspects of 
the eccentric contraction that distinguish it from isometric 
or concentric contractions (eg, the greater force production 
or increased muscle length attained during an eccentric 
contraction), (161,113,112). 
It has been found that muscle damage may result from a 
single powerful eccentric contraction. There are several 
possible explanations for this phenomenon : 
1) Force production during lengthing contraction may 
exceed maximal isometric force, (161). 
2) Fibre cross-sectional area is reduced during 
lengthening contractions, therefore the average 
tensile stress across an actively lengthened fibre 
is greater than fora maximal isometric contraction. 
3) The number of attached cross-bridges may decrease 
with increasing lengthening velocity, (113), 
resulting in an increased force per cross-bridge 
possibly disposing the contractile proteins to fail, 
(113) • 
It has been found that only active stretches lead to 
injury, (112), which can be explained if the loading of the 
passive elements is not the same for active and passive 
stretches. 
Several investigators have introduced the concept of 
initial "micro" damage that is seen as disruption of 
sarcomeric architecture, (59,127). During eccentric 
contractions sarcomeres become more heterogenous than during 
any other types ·of activity or at rest, (26). 
11 
Repeated passive lengthening instructions have been 
demonstrated to result in sarcomeres being stretched beyond 
overlap leading to the injury of the overstretched 
ultrastructure, (72). 
Faulkner et al, (54), have hypothesised that weak and 
strong sarcomeres exist in series within activated muscle 
fibres. During repeated lengthening contractions, strong 
sarcomeres maintain length and weak ones as stretched beyond 
overlap and injured~ , 
The ultrastructural injury to small groups of sarcomeres, 
(59,72), provides indirect support for this hypothesis. 
Intermediate filaments in the cytoskeleton may fail when 
'inhomogeneous lengthening of sarcomeres occurs. The 
interfibrillar intermediate filaments are believed to be 
responsible for the sarcomeres in register, (159). Two 
adjacent sarcomeres undergoing different degrees of 
lengthening could produce excessive tensile stress in these 
filaments. 
Additionally it has been suggested that a radial 
compressive force exists, in muscle fibres, which increases 
when sarcomere lengths'exceed 140% of resting lengths (71). 
This radial stress coupled with what may be "normal" tensile 
stress may exceed the minimum criterion for failure under the 
maximum distortion-energy theory. The three dimensional nature 
of the cytoskeletal network is a likely site for this,type of 
failure. 
12 
. Tidball et aI, (156,157), suggested that the basement 
membrane is the failure site. It had been found that 
approximately 77%'of the total energy lost during a stretch-
shortening cycle was dissipated in the basement. membrane, 
(157), also histochemical and immunohistochemical studies had 
indicated that there is injury to the basal lamina/endomysium 
in muscles that had performed lengthening contractions, (48). 
An integrated hypothesis for the sequence of events during 
muscle injury/damage has been proposed by Morgan , (153) : 
1) Eccentric contractions cause some sarcomeres from 
each myofibre :to extend to very long lengths. 
2) Some of these' sarcomeres do not integrate correctly 
upon relaxation. 
3) Subsequent eccentric contractions quickly stretch 
these sarcomeres placing greater tensile stress on 
neighbouring myofibrils. 
4) Consequently the adjacent sarcolemma and sarcoplasmic 
reticulum fail. 
Additionally they proposed that intrafibrillar intermediate' 
filaments are important in limiting extreme changes in 
sarcomere length, (~~9). 
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1 .... 2 PROPOSED BlOCBEJaCAL JlBClIMI'ISIfS J:BVOLVBD J:H 
KUSCLB DAMAGB DUB TO·BCCEHTRlC BXBRCJ:SB. 
Calcium and free radicals have been suggested to be 
responsible for muscle damage following lengthening 
contractions. 
1 .... 2.A. POSSlBLB J:BVOLVBKBHT 01' CALClUX lH KUSCLB DAMAGlHG 
PROCBSSBS. 
It is well known that the concentration of high energy 
phosphates decreases during muscular activity, (97). It is 
possible that this reduction occurs within specific 
compartments of the muscle fibre and that the consequent 
change in intracellular calcium [ca2+] levels play an important 
role in initial muscle fibre damage. For example, a reduction 
in ATP levels could occur in the vicinity of the calcium-
ATPases of the sarcoplasmic reticulum or sarcolemma and the 
activity of the enzymes may be compromised, allowing an 
elevation in cytosolic Ca~ levels. It had been found that very 
high concentrations of cytosolic Ca2+ lead to damage of the 
muscle ultrastructure, (48), and they are also able to inhibit 
ATP synthesis in mitochondria. It has been argued that 
metabolic disparities in. the fibres may be focal, so that in 
localised regions of the cells there may be energy depleted or 
have acidic foci that are not resolvable in whole muscle 
assays, (48). However most investigators disagree with the 
14 
proposal that insufficient mitochondrial respiration is 
responsible for the initial phase of muscle fibre damage, 
which occurs following lengthening activitity. 
There are several mechanisms other than mitochondrial 
overload by which an.eleyated intracellular calcium content 
can damage muscle. 
One of these is stimUlation of calcium activated protases. 
There are two known protases that are. reported to be activated 
by elevated calcium levels: Calpain type 1 andCalpain type 
2, (52). 
Both enzymes require different levels of activating calcium 
(micromolar and millimolar concentrations) •. They are regulated 
.by activator and inhibitor proteins. Calpain type 1 and 2 are 
thought to be responsible for the Z-line streaming and A-band 
disruption seen in some examples of damage to skeletal muscle, 
(38). 
It had also been shown that elevated intracellular calcium 
levels can activate lysosomal protases, through an increase in 
prostaglandin Ez production, (144,145). However, this data is 
controversial since other investigators have been unable to 
repeat these studies. 
Another possible way by which Caz+ may damage muscles is 
through the activation of phospholipases. It has been 
suggested that elevated intracellular levels of calcium can 
activate phospholipases that use membrane phospholipids as 
their substrates, (79). The resulting lysopholipids and free 
fatty acids have a disruptive effect on the membrane. 
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Overall it appears that an elevated intracellular Ca2+ content 
causes damage to muscle cells. However no single process is 
responsible for the muscle damage which occurs. The 
concentration of free calcium must rise above a certain level 
to initiate a cascade of different disruptive processes 
leading to cell death, (109). 
1.4.2.B. PROPOSED rNVOLVBMERT OF FREE aaDlCALS lB 
MUSCLE DAMAGlBG PROCESSES. 
A free radical is a molecule or a single atom with an 
.unpaired electron that is capable of independent existence. It 
is formed by the loss (oxidation) or gain (reduction)·. of a 
single electron. 
Free radicals have : 
high reactivity 
low chemical'specificity 
the ability to self perpetuate 
the ability to be generated in vivo and in vitro. 
Free radicals are thought to be involved in many 
degenerative processes including aspects of aging, cancer, 
cardiovascular' diseases, arteriosclerosis, neural disorders, 
, 
skin irritations, inflammations, and possibly muscle damage 
due to excessive or unaccustomed exercise, (11). 
Generally any metabolism involving redox active centres is 
a possible source of continuous free radical production. 
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Therefore any stress situation, including exercise, carries 
the potential of excess free radicals being generated. Most of 
the radicals relevant to biological systems are either derived 
from or associated with the presence of molecular oxygen. 
The most abundant and important oxygen centred free 
radicals are : 
1) THE HYDROXYL RADICAL ('OH), it is the most reactive of 
all oxygen.centred free radicals., In biological 
systems it's reactions are, strictly confined to the 
close vicinity of the site of generation. 
The hydroxyl radical is a powerful oxidant. However 
the preferred process this radical undergoes is the 
addition of 'OH to atoms and molecules, (11) 
eq. : 
-S- + 'OH 
----> S 
OH 
The hydroxyl radical also frequently undergoes 
abstractio~.or ?isplacement. If, for,example, 'OH was 
formed in the, vicinity of a thiol, such as cysteine 
or glutathione, it would most likely abstract 
(or displace) a hydrogen atom, (11), 
eg. : 
RS-H + 'OH ----> 
, 
r 
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Biological mat~~ial. contains numerous C-H bonds which 
are also an important target for ·OH, (11), 
eg. : 
-C-H + ·OH 
----> -c· + 
Radicals produced by reactions with ·OH are usually less 
reactive. In living cells hydroxyl radicals may be 
produced by ionising radiation such as X-rays or Gamma-
rays. The hydroxyl radical is responsible for a large 
part of the damage to the cellular DNA and to membranes 
initiated by ionising radiation. This damage is 
potentiated by the presence of Oxygen, as it allows the 
formation of Oz" and subsequently ·OH. 
Hydroxyl radicals are also produced by the reaction of 
cu+ and Fe+· ions with water. These processes can take 
place in vivo provided that the metal ions are in an 
appropriate form, (67). 
Hydroxyl radicals can also be formed from ozone in 
aqueous solution. This type of reaction is favoured at 
very high pH values, but may occur to some extent at 
physiological pH, (11). 
There is also considerable evidence that the ·OH radical 
may be produced by ethanol metabolism, (11). 
2) PEROXYL RADICALS (ROO·) are probably the most abundant 
. radicals in biological systems, (59). The organic peroxyl 
radicals are created by the addition of a carbon-centred 
I 
I 
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free radical to oxygen , (11) 
eg. : 
+ °2 ----> ROO-
Peroxyl radicals participate in true electron transfer 
processes and also oxidise their.reaction partners via 
an addition-elimination mechanism eg, (11): 
----> Ce1300· + (RzS SRz) + 
<----> RzS- + RzS 
Peroxyl radicals also can undergo hydrogen atom 
abstraction reactions. The most important abstraction 
processes are thought to be lipid peroxidation and other 
auto-oxidation processes, (67,11). 
eg, : R- + °2 
ROO- + R-H 
----> 
----> 
ROO-
ROOH + R-
In the absence of suitable reaction partners, or if the 
corresponding reactions are too slow, peroxyl radicals 
may decay via "unimolecular processes, (11). The 
most important from a biological point of view is a 
superoxide elimination, (11). 
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Finally, if there are neither suitable reaction 
partners nor the possibility for intramolecular 
conversion, the peroxyl radicals will undergo a 
biomolecular radical-radical deactivation , (11) 
eg. : 
ROO' + ROO' ----> [ROO-OOR] ----> 
3) ALKOXYL RADICALS are formed by hydrogen atom 
abstraction from a hydroxyl group, (11) : 
ego 
R-OH +. 'O-H ----> R-O' + 
PRODUCTS 
Alkoxyl radicals are also generated upon reductive 
degeneration of peroxidases and hydroperoxidases, 
(11) • 
eg. : 
R-O-O-R{H) + e' ----> [R-O.' .O-R(H)]· ----> RO' + 'OR(H) 
4) PHENOXYL RADICALS (ArO') are created by oxidation of 
the phenolic group, either by hydrogen abstraction or 
one-electron donation of the phenolate, eg., (67) 
OH 
© 'OH 
OH 
@OH 
O' 
© 
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This reaction, like any 'OH induced oxidation of a 
phenol in an oxygenated environment bears the 
potential of super oxide formation, (11). 
One of the most important reactions facilitated by 
phenoxyl-type free radicals is the oxidation of 
ascorbate that provides a repair mechanism for 
Vit E. , (11). 
eg. : 
vit E (-0') + Ascorbate ----> vit E (-OH) 
+ Dehydroascorbate 
5) SEMIQUINONE RADICALS are a sub-group of phenoxyl 
radicals with a reduced oxidative capacity. They are 
a one-electron intermediate between two relatively 
stable compoundS, hydroquinones and quinones, (11). 
eg. : 
o Q 
o 
OH 
~ OH $ OH 
semiquinones have considerable reductant ability, 
which is reflected in an electron transfer 
equilibrium with molecular oxygen and quinone (Q), 
(11). ego : 
Q'" -t- O2 , <---~> 
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Therefore semiquinones may contribute to the 
formation of superoxide in biological systems. 
6) SUPEROXIDE (02.-, 110.2) RADICALS are formed either by 
direct electron attachment to molecular oxygen, 
through some electron transfer reactions from other 
free radicals' or via elimination reactions from 
certain peroxyl radicals, (11). 
eg., : 
. HO' 2 <----> + H+ 
7) NITRIC OXIDE RADICALS (NO") are formed from L-
Arginine by the action of nitric oxide synthase in 
the presence of Ca-Calmodulin and NADPHwith the 
simultaneous formation of citrulline. 
NO' reacts.with.superoxide to form peroxynitrite, 
(152). Nitric oxide has recently been suggested to 
function as a neurotransmitter in both the CNS and 
the PNS, (152). 
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1 .... 3. OXYGEN DERIVED nBB RADZCALS ZK RBLA',rrOK '1'0 
MUSCLB DAMAGB. 
Oxygen derived free radicals may be produced primarily or 
secondary to muscle damage. 
The primary sources of free radicals include : 
1) Mi tochondrial generation. o:f :free radical sPecies. 
Mitochondria use oxygen to produce ATP that is for necessary 
muscle contractions: 'cytochrome oxidase catalyses the four 
electron reduction of molecular oxygen however it has been 
claimed that - 2-5% of the. total may undergo one electron 
reduction resulting in the production of a superoxide radical 
that may be converted to hydrogen peroxide, (11). The 
generation of superoxide may arise during the mitochondrial 
reduction of quinones to semiquinones by electrons from 
NADH,(ll). 
Therefore the increased oxygen reduction during aerobic 
exercise. of high intensity could theoretically result in an 
increased production'of superoxide radicals. 
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2) The mechanism by which Xanthine oxidase can 
the generation of free radicals 
stimulate 
is summarised 'in Fig 1.3, 
ATP 
Excess 
contractile activity 
Hypoxanthine Ca accumulation 
~ 
Ca-activated protease 
Xanthine 
oxidase ... (E-----
Xanthine 
dehydro-
genase 
Uric acid + 
O· 
2 
Scheme for production of 
superoxide radicals by increased 
xanthine oxidase activity 
dependent upon production of ' 
hypoxanthine and stimulation of 
calcium·activated protease 
(Adapted from McCord [17]). 
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The perquisites for this process to occur include: 
a. The presence' in skeletal muscle of xanthine 
oxidase/dehydrogenase. 
b. A breakdown in calcium homeostasis. 
c. The presence of adeqUate concentrations of hypoxanthine 
in exercising muscle. 
All three requirements seem to be fulfilled by active 
skeletal muscle, (78). Therefore it is possible that xanthine 
oxidase could play a role in superoxide radical formation 
during or after high intensity, short duration exercise, (78). 
3) Prostanoid metapqlis~ has been proposed as a potential 
source of oxidative stress in exercising muscle, (78). However 
this possibility has not been fully evaluated. 
4) NAD(P)H oxidase is another possible site of free radical 
production, (86). It is essential to establish whether this 
enzyme is present in skeletal muscle and whether it can be 
influenced by exercise. 
The possible secondary sources of free radicals include 
phagocytic white cells, generation of radicals secondary to 
muscle calcium accumulation or due to disruption of,iron-
containing prot'eins, (78). 
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1.4.4. EFFECTS OF INCREASED FREE RADICAL ACTIVITY 
Free radicals are thought to be able to damage cells by 
reacting with many biological molecules, . such as 1ipids, 
proteins and DNA. The most extensively studied of these 
possibilities is the degradation of polyunsaturated 1ipids by 
reaction with free radicals in the process of lipid 
peroxidation. 
The release of oxygen derived free radicals can lead to 
lipid peroxidation, which is defined as the " oxidative 
deterioration· of polyunsaturated 1ipids". The peroxidation 
processes takes place in three stages : the initiation starts 
with a free radical. abstracting a hydrogen atom from a 
methylene group producing a conjugated diene. Reaction with 
oxygen then occurs leading to the formation of lipid peroxy1 
radicals. 
The next stage is propagation which can eventually lead to 
membrane damage, loss of fluidity, cytotoxicity and effects on 
cell metabolism, (67). 
The processes involved in lipid peroxidation are summarised in 
Fig 1.4, (67). 
. I. 
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Fig.1.4, from B.Halliwell et aI, (67). 
., 
Initiation 
step 
Propagation 
step 
Memlrane 
, damage; loss 
of fluidity; 
cytotoxicity 
effects on cell 
metabolism 
OOH) 
H.O 
PUFA) 
PUFA" 
0 
0 
• 
o 
o 
H 
abstraction 
t Hydrogen atom 
t mJlecular rearrangement 
t Oxygen uptake 
t 
Hydrogen atom 
abstraetion from 
another PUF A 
I ' Fe'" catalysed t degradation 
fragmentation 
Tri-uiIsatuIated fatty acid 
Fatty acid radical 
Conjugated diene (234nm) 
Peroxy fatty acyl radical 
Hydroperoxide 
~Iymerisation products, aldehydes 
hydroxy fatty acid derivatives 
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Membrane lipid peroxidation may disrupt the normal 
permeability barrier provided by the sarcolemma, (139), 
permitting abnormal diffusion of molecules down their 
concentration gradients, (23,104). Lipid peroxidaton products 
are also able to produce further oxidative changes at a 
dis~ance,(18). Lipid peroxides are able to initiate lipid 
'peroxidation again at remote sites and other products such as 
aldehydes can react with DNA and may produce metagenesis and 
carcinogesis, (89). 
Protein damage by free radicals. 
proteins containingthiol groups appear ~o be particularly 
susceptible to attack by free radicals and it has been 
suggested that membrane calcium-ATPase enzymes may be a 
particularly susceptible target for disruption by oxidation 
reactions, (23). Inactivation of that enzyme could effect 
calcium homeostasis in active muscle fibres leading to the 
activation of some degenerative pathways in the,cell. 
Therefore detoxification of reactive oxygen species, 
protection against lipid peroxidation and the oxidation of 
other molecules are prerequisite for aerobic life. 
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1.5. PHYSIOLOGICAL SYSTBIIS 1IlIICB PROTBCT 
SltBLBTAL MUSCLB FROM DAlmGB. 
There is overwhelming evidence for the existence of 
physiological systems that protect skeletal muscle from free 
radical induced damage. These systems can be divided into two 
groups : 
a. Enzymatic ~yste~s, eg., Superoxide Dismutase, 
(96), or catalase. 
b. Non enzymatic scavengers known as antioxidants , 
eg., Glutathione (GSH) or vitamin E 
SUPEROXIDE DISMUTASES (SOD) 
The superoxide dismutases convert superoxide radicals to 
hydrogen peroxide, (94), eg., : 
, 
0-2 + 0- + . 2 2H+ -----> + 
In mammalian tissues superoxide dismutases are either 
zinc(Zn), copper (cu) or manganese(Mn) - based enzymes. The 
CU,Zn-SOD is predominantly localised in the cytoplasm, 
whereas Mn-SOD is present mostly in mitochondrial matrix. The 
different properties of human SOD isoenzymes are summarised in 
Table 1.2. 
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. Table 1. 2 , Properties of different SOD enzymes ( derived from 
Ohno, et aI, (133). 
PROPERTY Cu,Zn-SOD Mn-SOD 
Distribution Cytosol Mitochondrial 
matrix 
Molecular weight 32,000 88,000 
. 
Subunit composition Dimer Tetramer 
Metal/monomer 
.. 
l,CU, 1Zn 1Mn 
. Inhibi tion by CN- + -
Inhibition by HzOz + -
Inhibition by + -
diethyldithio-
carbamate 
. 
.. 
Inhibition by 
- + 
2% sodiumdodecyl 
sulphate 
Inhibition by 
- + . . 
chloroform/ethanol 
, 
Rate constant for 0.62 x 109 1.2 X 109 
reaction with ° -z 
Heterogeneity Glycation, Sulfydryl 
sulfydryl 
I 
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SOD catalases the conversion (dismutation) of superoxide 
radicals to hydrogen peroxide"which is then decomposed by 
. catalase and/or reduced glutathione (GSH) dependent reactions, 
(31) • 
It has been found that most of the SOD activity is 
localised in the cytoplasm (Cu,Zn-SOD) and only 8-16% is 
associated with the mitochondria, (Mn-SOD), (135,158). 
Furthermore the Cu,Zn-SOD enzyme is regulated independently 
from the Mn-SOD form (10). 
Several investigators have studied the effects of acute or 
chronic exercise on SOD activity in humans. Their findings are 
summarised in Table 1.3. 
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Table 1.3. 
ACUTE EXERCISE 
Investi- Subjects Tissue Type of SOD assay Change 
gator studied exercise 
. 
Minami Healthy Plasma 10 min Total tt 
et al stUdents bicycle, 
182W . (122) 
Cooper et Trained . Vastus Marathon Total .... 
al(40) runners lateralis running 
(TR) muscle 
Cooper TR - Vastus Marathon Total .... 
et al carnitine lateralis running 
( 40) treated muscle 
. 
Ohno Untrained Erythrocy 30 min cu,Zn .... 
et students -tes bicycle, 
al(133) (RBC) 75% V02 Il8X 
Mena Professio RBC 5 hr Cu,Zn .... 
et al -nal bicycle 
.. 
(115) cyclists race 
(PC) 
. 
. 
Mena et PC RBC 6 days cu,Zn .... 
. . . 
al(115) bicycle 
race 
. 
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Invesigat Subject;; . Tissue Type of SOD assay change 
-ors . studies exercise 
. 
Mena et PC RBC . 2 days CU, Zn t 
. 
al (115) bicycle 
CHRONIC EXERCISE 
Jenkins Healthy vastus Not Total t 
et al subjects lateralis specified 
(83) (V02 ma. muscle 
>60ml/kgl 
min) 
Ohno et Healthy' RBC 10 weeks CU,Zn .... 
al (133) students running 
. 
Lukaski varsity RBC swimming CU,Zn tt 
et al swimmers 
(103) 
Mena et Amateur RBC Bicycle CU,Zn t 
al (115) cyclists 
. 
Mena et Professio RBC Bicycle CU,Zn t 
al (106) -nal 
cyclists 
. 
. . 
Overall the data appears to indicate that acute exercise 
had no consistent effect on SOD activity in humans, but 
chronic exercise tended to increase RBC activity of CU,Zn-SOD. 
I 
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CATALASES (CAT) 
CAT is present in all mammalian cells where it is 
predominantly located in the peroxisomes. Red, type 1 (aerobic) 
muscle fibres contain higher quantities of catalase than the more 
glycolytic, type 2 white muscle fibres, (31). 
CAT is a haem-based enzyme which converts hydrogen peroxide to 
oxygen and water. 
ego , 
------> 
Table 1.4 summarises some of the findings concerning CAT 
responses due to different skeletal muscle ~ctivity. 
Investigator Animal Type of Change 
activity 
Jenkins et al Rat 12-20 weeks No change· 
. I (81) training 
Jenkins and Rat Electrical Increase 
Newham (84) stimulation 
.. . . 
Salminen and Mouse. Treadmill No change 
Vihko (149) running type 1>2 
3 weeks 
Salminen et Mouse Detraining . No change 
al (148) 
Jenkins et al Human Run at 75% of linear 
(83) V°2max relation 
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Investigator Animal Type of Change 
activity 
.. 
Higuchi et al Rat 3 m of No change 
(70) treadmill 
, 
running 
--' 
. 
Alessio et al Rat 20 min Increase 
(105) running after 
18 weeks 
training 
. . . 
Ji et al(86) Rat 1 hr No change 
treadmill run 
10 weeks 
training 
The Glutathione system 
The glutathione system consists of reduced glutathione 
(GSH), oxidised glutathione (GSSG) and glutathione peroxidase 
(GPX). 
The enzyme glutathione peroxidase was discovered in animal 
tissues by G.C. Mills, (108). The substrate for GPX is GSH, 
both have been found at high levels in mitochondria and 
cytoplasm, (108). 
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. Glutathione peroxidase catalyses' the reduction ofH202 or 
other peroxidases, with the oxidation ofGSH to GSSG, (108). 
ego , 
+ 2GSH ----> GSSG + 2H20 
GSSG can be either released from the cells or reduced back 
to GSH by glutathione reductase at the expense of NADPH. 
Erythrocytes, heart and lung have an efficient mechanism 
for the transport of GSSG into the cellular space. Since 
extracelluar GSSG is not reduced back to GSH, plasma GSSG 
level should be a sensitive index of intracellular oxidative 
stress, (2,19,32). 
. 
GPX is specific for glutathione as a hydrogen donor and will 
accept other organic'peroxides as well as H202 as sUbstrate. The 
enzyme has a higher affinity for H202 than CAT, (31). 
GSH itself is a major cellular electrophile. 
Glutathione-S-transferases (GST) catalyses GSH reaction with 
potential alkylating agents establishing it as a critical 
detoxicant against xenobiotics or their metabolites. 
Another. important function of GSH is it's involvement in 
the generation of Vitamins C and E from their oxidised 
products, (31). 
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vitamin E 
Vitamin E is located in the mitochondrial and other 
cellular membranes, where it acts to inhibit membrane lipid· 
peroxidation. Vitamin E is highly lipophilic and acts as a 
chain breaking antioxidant by forming more stable tocopheroxyl 
radicals. 
ego , Vitamin E-OH + R· ----> Vitamin E-O· + RH 
Quintanilha, (139) showed that muscle and liver 
mitochondria from Vitamin E deprived rats have enhanced 
~ensitivity to oxidative damage as they exhibited increased 
lipid peroxidation,·reduced trans-membrane potentials and a 
lower rate of electron transport than control. 
There is an ongoing discussion whenever Vitamin E has a 
protective effect on exercise-induced muscle damage, Pincemail 
et ai, (136), and Meydani et ai, (120), showed that a-
tocopherol is mobilised during intense exercise in man and 
. that this could limit or prevent lipoperoxidation phenomena. 
These findings are in agreement with animal studies of 
Novelli et al using Vitamin E preconditioned mice subjected to 
exhaustive exercise, (130), but in disagreement with data 
obtained from animal studies by Warren et ai, (160). 
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Vitamin C (Ascorbic Acid, AA). 
AA is mainly stored in leucocytes, it is also present in 
granulocytes, lymphocytes and in blood plasma. It is water 
soluble and acts as a chain breaking antioxidant. 
Ascorbic acid is.cons~med in the initial stages of lipid 
peroxidation. It has been found that as long as the reducing 
power of AA is available, vitamin E is maintained in a reduced 
form, (129). 
Several studies have suggested thatVit c may exert a 
protective effect on muscle subjected to intensive exercise, 
(63,77,83), by for instance increasing the mean red cell 
glutathione content or by sparing GSH. 
1.5.1 MDSCLB ADAPTATION TO INCREASED F.RBB 
RADICAL ACTIVITY FOLLOWING TRAINING. 
It is a well known that damage to muscle cells after acute 
exercise is greatest if the subject's are unaccustomed to this 
type of activity, (49). However there is evidence that .the 
antioxidant system can adapt to chronic oxidative stress, 
(31), such as that which may occur during physical training, 
(86) • 
studies carried out by Jenkins et aI, (31), had shown that 
a trained group of healthy men has significantly greater 
activities of SOD and Catalase in their muscles than an unfit 
group. A positive correlation was found between the subject's 
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maximum oxygen uptake, muscle catalase and SOD levels. These 
findings were supported by Robertson et aI, who compared blood 
antioxidant levels in healthy trained runners and sedentary 
individuals, (143). 
A long term investigation into the effects of training on 
GSH homeostasis was carried out in 1990-1991 on female Beadle 
dogs, (82,106). The findings showed a large increase in plasma 
and muscle GSH concentrations. The capacity for muscle GSH 
synthesis was also ~~cre?sed in trained animals. GSSG plasma 
levels were influenced by training. This data was supported by 
studies carried out by Kretzscnmar et al (95)on long distance 
runners and untrained sUbjects. 
Salminen et aI, (148), suggested that increased muscle GSH 
was associated with an increased resistance to peroxidative 
damage. Furthermore studies of GPX activity , (143), also 
showed a correlation with training. These data indicate that 
the GSH system in skeletal muscle adapts extensively to a 
training procedure. 
Whereas GSH in combination with GPX protects cellular 
membranes from oxygen radicals within the aqueous environment 
at the surface of the membrane, Vit E inhibits lipid 
peroxidation within the membrane. Studies carried out by 
Robertson show that training increasing erthrocyte a-
tocophorol content in man, (143). 
The potential protective effect of Vitamin E against 
skeletal muscle damage due to exercise has been studied by 
several investigators. Amelink, (7) studied vitamin E 
deficient rats subjected to treadmill exercise and showed that 
39 
the deficient animals suffered a greater amount of muscle 
injury than supplemented controls. O'Farrell, (132), showed 
that vitamin E supplements were protective in rats fed a diet 
rich in polyunsaturated fatty acids, but not when the rats 
were fed diets rich in saturated fatty acids. 
This is in general agreement with the concept that the 
excess Vitamin E was preventing free radical mediated 
peroxidation of membrane polyunstrated fatty acids. 
This data was supported by of Meydani et aI, (120), who 
supplemented human volunteers for 48 days and then subjected 
them to a bout of eccentric exercise at 75% of their Vo2max. 
The comparison of urinary thiobarbituric acid excretion and 
~he amount of major fatty acids in muscle biopsies, show that 
Vit E supplemented subjects suffered less muscle damage than 
those placebo treated. 
In contrast Warren et al,(160), reported that elevated 
muscle Vitamin E did not attenuate eccentric exercise induced 
muscle injury in rats. 
Finally in this area it has been'reported that high 
intensity training can significantly elevate lymphocyte 
ascorbic acid concentration, (143), and Jakeman et aI, (77) 
found that human AA supplementation may exert a protective 
effect against eccentric' exercise induced muscle damage. 
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It can be concluded that : 
1. Exogenous and endogenous antioxidants act in concert 
to protect against oxidative stress. Antioxidants like 
Vitamins C and E are known to act synergistically in 
an antioxidant chain reaction. 
2. Apart from ,enzymatic and spontaneous decomposition of 
reactive oxygen species, reduced glutathione plays a 
crucial role in maximising the benefits of exogenous 
antioxidants Vitamins C and E. 
3. Endurance training appears to enhance the capacity of 
antioxidant systems. 
4. Some'data suggests that muscles may be protected 
against an acute bout of exercise by antioxidant 
supplementation (eg." vitamins E and C), however 
these findings are inconsistent. 
1.6. KBTHODS FOR THE DBTBCTXOH AND 
KEASUREHBHT OF RBACTnrB RADXCAL SPBCXBS 
VXTRO. 
The first problem for those involved in the development of 
tests for radical activity in vivo is the requirement of a 
highly sensitive analytical technique as the concentrations of 
free radicals and their precursors are very small. The choice 
of method to be employed also depends on the nature of the 
free radical to be studied. 
I 
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Sometechniq1ies '(particularly electron spin resonance [ESR] 
spectroscopy) have the ability to directly monitor free 
radical species either in vivo or in vitro .The main problem 
with the use of ESR is that many physiologically relevant free 
radicals have extremely short half-lives and biological 
materials are often of an unsuitable nature for ESR studies, 
therefore the majority of the methods in current use detect 
products arising from their reactions with other materials 
(indirect methods). 
1.6.1. DXRECT OBSER~TXOH OF FREB-RADXcaL 
SPBCXBS XH BXOLOGXcaL SAMPLBS. 
Electron spin resonance spectroscopy (ESR).· 
This technique can directly detect an unpaired electron , 
but due to the nature of the free .radicals present in 
biological systems the most successful ESR·is "spin trapping". 
Spin trapping is a method in which very reactive and thus 
transient radical species are converted to long-lived adducts 
via reaction with a "trap", eg., a neutron. 
Experiments with the use of nitrones can only be undertaken 
on perfused isolated organs as the "trap" is toxic. The exception 
to this appear to be the ESR detection of ubiquitous NO', which 
forms a relatively stable complex with haemoglobin. 
------------------~- --~ 
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1.6.2. XRDXRBCT OBSBR~TXOB OP PRBB RADXCAL 
SPBCXBS XB BXOLOGXCAL SAKPLBS. 
The indirect observation of free radical species activity 
in biological samples can involve analyzing products of , free 
radical attack on b~omol~cules, such as lipid peroxidation or 
'DNA oxidation. Alternatively the activity of antioxidant 
enzymes, such as SOD, CAT, GPX can be sudied. The 
concentration of total glutathione and changes in the 
proportion of, GSH/GSSG can also be studied. Some investigators 
have analyzed levels of antioxidant vitamins, such as vit C 
and E, to determine any damage due to the activity of free 
radicals. 
The biochemical methods involved in the indirect observation 
of free radicals in blood samples are described in greater detail 
in Chapter 2. 
" . 
One of the most common methods for assessing free radical 
activity in tissues is the detection of products arising from 
the free radical~ mediated peroxidation of polyunsaturated 
fatty acids ~y the spectrophotometric thiobarbituric acid 
test. 
The peroxidcition of polyunsaturated fatty acids is an 
autocatalytic, self-propagating reaction that can give rise to 
cell dysfunction associated with a loss ,of membrane function and 
integrity. 
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The detection and quantification of one or more of the 
above lipid peroxidation production products is frequently 
undertaken by the no~-specific spectrophotometric 
thiobarbituric (TBA) test. 
This test involves the reaction of aldehydes in the sample 
with TBA at 1000C under acidic conditions to produce a pink-
coloured chromogen, which absorbs light strongly at a 
wavelength of 532 nm, (28). 
1.7. ADIS 
The aims of the work described in this thesis were : 
1) To determine whether free radicals are produced 
during realistic models of exercise in man. 
2) To determine whether free radicals are involved in 
the muscle damage which occurs during certain forms 
of exercise. 
To achieve our aims we used two types of exercise which were 
shuttle run and stepping'. The shuttle run was representing 
activity with high aerobic content. The stepping was used as 
an example of exercise that contains high proportion of 
lengthening contractions. Serum CR activity was used as 
indicator of muscle damage. Serum TBARS, activity of 
antioxidant enzymes, levels of vit. A and E were used as 
indicators of free radical generation. We intended to study 
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the correlation between· skeletal muscle damage as indicated by 
increase of CK and oxidative activity that may be the result 
·ofthat damage. 
. .. 
, 
I 
., 
i 
CHAPTER 2. 
METHODS 
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2 • JIB'l'JIODS 
2.1 SUBJECTS. 
All 20 subjects· we~e male, aged 18-26. The approval of 
the ethical committees was obtained at the sites where 
the studies were undertaken, Loughborough University for 
the shuttle running experiment and Liverpool University 
for the step exercise experiments. 
2.2 EXERCISB PROTOCOLS 
2.2.1 THB SHUTTLE. R~ 
Nine, normal, male subjects aged 18-24 performed the 
exercise. All volunteers were exercising at 75% of their 
v02 max· 
A schematic illustration of the intermittent shuttle run 
protocol is shown in Fig, 2.1. 
PROLONGED INTERMITTENT HIGH INTENSITY SHUTTLE RUN TEST (PlHSRl) 
4 ~ 
(TOTAL nUE • 105 mln: 00 mln t.orcl .. + 15 mln .... 1) 
One eyel. 0' Int.""ftllAl Shuttl. Running 
Rtpoeled 10 • 12 tlmel ,or 15 mlnut. III 
Flg,z,1. Schematic illustration 01 tha Intermittent Shuttle Run Protocol. 
1,.1 Warm·up 
m 15 min. Intarmlttent Exarelaa 
D 3 min. Rest Period 
"" Ut 
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2.2.2 THE STEP EXERCISE PROTOCOL 
In the first protocol six normal male volunteers aged 
21-22 performed a step test until they were exhausted. In 
the other 5 male volunteers, aged 22-26 stepped for 30 
minutes. The step was adjusted to be the same relative 
. height for each subject, being 110% of the lower leg 
length ( from the lateral knee joint line to the ground). 
The quadriceps of one leg contracted concentrically 
throughout by stepping up while the contralateral muscle 
contracted eccentrically by stepping down, (126). Each 
contraction lasted for ls and a stepping cycle of 15 
cycles/min was determined by an electronic metronome • 
. 2.3 BLOOD SAMPLING 
10 ml of venous blood was taken prior, immediately 
after and every 24 hours until : 
a. 72 hours after the shuttle run 
b. 114 hours after the step exercise 
until exhaustion 
c. 120 hours after the 30 minutes 
stepping exercise. 
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2.4. BIOCHEMICAL TESTS. 
2.4.1. PLASMA CREATINE KINASE ACTIVITY 
The method described by Jones et aI, (163) was used. 
Principle : 
G6PDH 
PC) (AD)p ;LHUOCSOpSHAET-6E- ---7""'\----~ 6-PHOSPHO-/~ GLUCONOLACTONE 
eK HR ( HAD" NAD •• 
CREATINE ATP GLUCOSE 
HK = Hexokinase 
. . 
G6PDH = Glucose-6-Phosphate Dehydrogenase 
CK = Creatine Kinase in sample 
CK activity was measured by an NADP+/NADPH linked 
spectrophotometric method. All reagents are present in 
excess and therefore the rate limiting step is the 
conversion of ADP to ATP by the CK in the sample. Thus, 
the rate of production of NADPH is directly proportional 
to CK activity. 
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1. Reagents, for the CK cocktail: 
100 mM MgC12 
2 mM DTT 
2 mM NADP 
10 mM ADP 
20 mM AMP 
5 mM Glucose 
40 mM Phosphocreatine (PC) 
5.4 U/L Hexokinase /G6-PDH enzyme suspension 
(Boehringer Mannheim Sussex, UK) 
40 mM Triethanolamine buffer TEA pH 7.2 
Phosphate buffer : 100mM NaH2P04, 100mM KzHP04, pH 7.4 
H20 
2. Procedure: 
Mix into each plastic cuvette : 
100 1'1. HzO 
100 1'1. CK cocktail 
20 1'1. of blood plasma 
An enzyme/substrate cocktail was made up from stock 
solutions to the final concentrations described above. 
'1001'1 cocktail, 1001'1 H20 and 201'1 sample were placed in a 
cuvette. The change in absorbance per min at a wavelength 
of 340nm was measured at room temperature using a DU-62 
spectrophotometer (Beckman Instruments Inc., Fu11erton, 
USA) for between·S· and 10 min, where the production of 
NADPH was linear with time. 
I 
I· 
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CK activity was calculated as described below: 
CK (U/L) = change in Abs/min. 
x ~M extinction coefficient 
x dilution factor 
= Abs/min x (1000/6.3) x (220120) 
1 unit of activity is the activity that converts 1 ~mole 
of substrate per minute. 
2. , • 2 SERUM TBARS CONTENT 
TBARS were measured by the method of YAGI, (209). 
1. Reagents: 
i) 0.167 M sulphuric acid 
ii) TBA reagent (0.67% TBA in 50 % acetic acid). 
iii) 0.5 nmol Tetraethoxypropane 
iv) 10% Phosphotungstic acid 
2. Procedure: 
20 ~l. of serum was added to a clean glass test tube 
and 4ml of 0.167 mol HzS04 and 0.5 ml of 10% 
phosphotungstic acid added and gently mixed. This was 
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allowed to stand at room temperature for five minutes and 
was then centrif~g.ed •. The supernatant was discarded and 
the sediment mixed with a further 2ml of 0.167 mol ~S04 
and 0.3 ml of 10% phosphotungstic acid. 
This was then centrifuged to obtain a precipitate. Again 
the supernatant was discarded, and the sediment suspended 
in 4ml of distilled water and 1ml of TBAreagent. The 
. suspension was heated for 60 minutes at 95°C in a heating 
block (Technec SC-3). After 60.minutes, the glass tubes 
were removed and cooled by immersion in tap water. Five 
ml of n-butanol was added to each tube and mixed well. 
This was then centrifuged at 1000g for 15 minutes and the 
n-butanol layer collected for fluorometric measurement at 
553 nm with excitation at 515 nm using a fluorometer 
(Perkin-Elmer 203). 
Duplicate standards were prepared in parallel with the 
samples. The standard solution was obtained by reacting 
50 ul.of tetraethoxypropane with 1.0 ml of TBA regent 
and 3.95 ml of distilled water in the heating block for 
60 minutes at 95°C. The standards were cooled in an 
identical fashion and 5ml of n-butanol added. This was 
then centrifuged with the rest of the samples and 
. analyzed in an identical fashion. 
Using this method the TBARS in serum can be expressed 
in terms of nmol malondialdehyde : 
(sample/standard) x 0.5 x (1.0/0.02) = 
(sample/standard) x 25 (nmol/ml) 
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2.4.3. ERYTHROCYTE SUPEROXIDE DISHUTASE ACTIVITY. 
SOD activity was measured using the SOO-525 kit 
obtained from Biotech S.A. 
This assay takes advantage of a property regent Rl, 
whose alkaline auto-oxidation is accelerated by any 
catalyst having SOD activity. This auto-oxidation yields 
a chromophore which absorbs visible light : 
OH 
HO 
HO 
(R 1) 
SOD 
ambieotP ~ pH = 8.8 
Chromophore 
(A max" 525 om) 
The SOO-525 method also takes advantage of a second 
property regent R2 which allows the elimination of major 
interferences due to mercaptans in the sample, such as . 
glutathione. Reagent R2 traps such mercaptans by the 
means of a rapid alkylation reaction. 
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A pH of 8.8 results in optimal sensitivity of the 
assay without significant inactivation of known SOD 
enzymes such as, for instance, copper/zinc- or manganese-
SOD. 
1. REAGENTS 
R1 solution of chromogenic reagent in 3.2x10·2 M HCl 
R2 solution of mercaptan scavenger 
, Buffer containing 0.11 mM 
diethylenetriaminepentaacetic acid pH 8.8 (at 37°C). 
2. Procedure 
For each measurement, the reaction medium was 
prepared immediately prior to measurement as follows: 
CONTROL SAMPLE 
Solution of Rl 30 ut 30 ut 
Distilled water (*) 40 uI 
-
Sample . 40 uI 
Solution 3 900ul 900 ut 
The distilled water underwent the same process as 
that of the sample. The reaction mixture was 
thoroughly mixed and then incubated for 1 minute at 
37°C. Care was taken that the inCUbation time did not 
exceed 1.5 minute, 30°1'1 of solution R1 was added and 
rapidly mixed. Immediately after this the absorbance. 
at 525 nm against air (reference cuvette) was 
recorded for 1 minute. 
This time care was taken that no more than 10 seconds 
elapsed between the addition of R1 and the start·of 
absorbance monitoring. 
,------------------------------------------------
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For each measurement the reaction time was determined 
by calculating the maximal slope of the absorbance 
time-course (around time t=30 sec). This slope 
reflected a rate of R1 auto-oxidation which was linear. 
Results were expressed in absorbance units per 
minute. 
calculation of SOD activity : 
If Vc and V. are the reaction rates of" the control and 
sample respectively. The SOD activity of each sample was 
directly obtained from the experimental Vs/Vc ratio. 
The resulting value was multiplied by, the dilution 
factor of the sample. Hence, the results were expressed 
in SOD-525 activity units per ml of sample. 
2.4.2 ERYTHROCYTE CATALASE ACTIVITY. 
This procedure was first described H.Aebi (3). 
This assay relies on the assumption that HzOz can be 
directly measured by following the absorption changes at 
240nm of the sam~l.e solutions. 
1. REAGENTS 
50mM Phosphate buffer pH=7.0 
30 mM HzOz 
0.9% NaCl 
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2. PROCEDURE 
Centrifuged venous blood containing heparin, was 
separated from plasma and leucocyte layers. The 
erythrocyte sediment was washed three times with isotonic 
NaCl. A stock haemosylate was prepared containing - 5g 
Hb/l00 ml by the addition of four parts per volume of 
distilled water. 
A 1:500 of this concentrated haemosylate was prepared 
with phosphate buffer immediately before the assay was 
performed'and the Haemoglobin (HB) content was determined, 
using the method of Drabkin, (46). 
ASSAY CONDITIONS 
Wavelength 240 nm; final volume in cuvette 800 pl ; 
room temperature; , 
The sample containing 400 pl of diluted haemosylate and 
200 plo of H202 was read against the blank containing 400 
plo of diluted haemosylate and 200 plo of the phosphate 
buffer. The decrease in absorbance was followed for 30 
seconds. 
The activity (k) was determined as follows : 
k = 0.153 ( log A,/~) (sec·') 
where A, = initial absorbance 
A2 = absorbance 30 seconds after the initiation 
of the reaction. 
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• To calcula.te k/gHb we proceeded as follows : 
k/gHb· = k. (a/b) 
where a= the dilution. factor (Hb concentration in 
erythrocyte sediment [mg Hb/ml]/ Hb 
concentration in cuvette [[mg Hb/ml]).· 
and b = the Hb content of the erythrocyte sediment 
(g/l) • 
2.4.5 ERYTHROCYTE GLUTATHIONE PEROXIDASE·ACTIVITY • 
. This method was first "described by Beutler et aI, (20). 
1. REAGENTS 
1M TRIS-HCl buffer containing 5mM NazEDTA, pH 8.0 
100mM GSH 
10mM NADPH 
3.5 mM HzOz 
Glutathione reductase 
.. 1.125M NaN3 
0.9% NaCl 
Stabilising solution : 
2.7mM EDTA 
0.7mM 2-mercaptoethanol,. pH 7.0 
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2. PROCEDURE 
Heparinised RSC were washed three times with saline. 
Clean RSC were diluted 1:1 with saline and added into 
stabilising solution in the proportion 1:9. This mixture 
was stored at approximately -30·C. 
Immediately prior to the experiment the following was 
added to each cuvette : 
460 ~l. Tris-HCI/EDTA 
10 ~l. GSH 
10 ~l. NADPH 
5 ~1. NaN3 
5 ~l. GSH reductase 
Then 10 ~l. of defrosted RSC lysate were added. 
The reaction was initiated by adding 50 ~l. of 6% H20 2• 
The change in absorbance was measured using a Cecil CE594 
spectrometer, which was set on 340 nm, and an absorbance 
range of 1. A reagent blank (- no sample) and a sample 
blank (- no H20 2) were also examined • 
. 2.4.6. ERYTHROCYTE GLUTATHIONE CONTENT 
This method was first described by Anderson et aI, 
(10) • 
This enzymatic recycling assay relies on the GSH 
conversion of DTNB to TNB. 
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1. REAGENTS 
Stock buffer, ":" 
13mM Na2HP04 pH 7.4 containing 
6.3mM Na4EDTA 
Daily buffer : 
NADPH 0.248mg/ml in stock buffer 
6 mM DTNB 
sulphosalicyclic acid (SSA), 1% AND 10%, 
2. PROCEDURE 
Preparation of blood samples. 
Reagents : 10% SSA, 10mM Hcl. 
Whole blood was added immediately to HCl in the ratio 
1:5 (ie., 200 ~l. blood: 1000 ~l. HCl), and mixed well. 
400 ~l. of the above mixture was then added to the 200 
~l. 10%SSA. 
The resultant. brown suspension was.centrifuged for 2.5 
minutes at +4°C (Koolspin). 
The protein free supernatant was retained for the 
glutathione assay ~ this was be frozen to await analysis 
if necessary. 
Deproteinised blood (total glutasthione assay)- dilute 
1/25 with 1% SSA. 
Deproteinised blood (GSSG) - dilute 1:1 with 1% SSA. 
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Total glutathione assay. 
This was carried out using a Beckman DU-62 
Spectrometer, at a wavelength of 412 nm. 
1. A set of standards (1.3, 2.6, 5.2, 10.4 umol/l) 
including a blank was run with each b,atch of 
sample. 
0.14 
0.13 
0.12 
0.11 
0.10 
0.09 
0.08 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
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• 
• 
• 
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o 1 2 3 4 5 6 7 8 9 10 11 
CONCENTRA TION OF TOTAL GLUT ATHlONE 
Fig 2.2. Calibration curve showing the relationship 
between Glutathione concentrations and changes in 
absorption. 
2. A blank was measured with every set of 4 samples 
in' the spectrometer. 
• 3. Samples were diluted 1 in 25 with 1% SSA prior to 
the analysis. 
4. The following reagents were pipetted into the 
plastic curettes: Daily Buffer 700 1'1. 
DTNB 100 ~l. 
Distilled water 100 1'1. 
5. Curettes were placed in the spectrometer • 
. 100 1'1. 1% SSA was added to the blank cuvette 
and 100 1'1. of each sample was used. 
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6. 10 ~l. glutathione reductase was added to each 
sample and blank and mixed well to initiate the 
assay. 
7. .The formation of TNB was followed for 10 minutes. 
Oxidised glutathione (GSSG). 
The DTNB-GSSG reductase recycling assay described 
for total glutathiones was used for the' GSSG assay after 
derivitisation with 2-vinylpyridine. This reacted with 
the GSH so that only the GSSG present was measured. The 
derivitisation was carried out in the fume cupboard, 
wearing gloves. 
1. A set of standards (0.325, 0.65, 1.3, 2.6 umol 
GSSG/I) was derivitised and enough blanks to run with all . 
. 
samples derivitised, (ie., 1 blank for every 5 samples). 
0.10 
0.09 
0.08 
0.07 
S 0.06 
H 
f-t 0.05 PI p: 
0 0.04 en 
~ 0.03 
0.02 
0.01 
0 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
CONCENTRATION OF OXIDIZED GLUT ATHlONE umol/l 
Fig 2.3. Calibration curve showing the relationship 
between oxidised glutathione concentrations and changes 
in absorption. 
2 •. Samples were diluted 1:1 with l%SSA prior to the 
analysis. 
3. 200 ~l. of sample, blank (1% SSA) or standard was 
placed into small conical (eppendorf) tubes. 2 
~l. of 2-vinylpyridinewas added using a 
Hamilton syringe. 
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4. The pH was checked by removing 1 ~l. from each tube 
and spotting it onto pH paper. The pH should be between 6 
and 7. If the pH was greater than 7, the derivitisation 
was repeated, but if the pH was less than 6, 1-3 ~l. of 
TEA diluted 1:1 with distilled water was added to the 
side of the tube and mixed, immediately to prevent local. 
oxidation. , 
5. The mixture was incubated at room temperature for - 1 
hour and then assayed as previously described for total 
glutathione. 
2.4.7. PLASMA VITAMIN E CONTENT. 
This method 'was undertaken by HPLC using the method of 
catignani et aI, (29). 
1. REAGENTS 
100~g/ml vitamin E (0.01%) in ethanol. 
5mg/ml vitamin E acetate in acetate 
Hexane 
Mobile Phase : 
Acetonitrile : Methanol: Chloroform 
47 : 47 : 6 (v/v) 
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2 • EQUIPMENT 
A model LC6A Shimadzu HPLCattached to a Shimazdu 
SPO-6A detector (Oysons Instruments, Tyne and Wear, UK) 
was used. The column was a 5 microns 25 cm x 4.6 mm 
Spherisorb 5 OOS 2 reverse phase column, (Technicol, 
Stockport, UK). 
3. OPERATING CONDITIONS 
The flow rate was 2.5 ml/min ; ultraviolet detection 
was at 292 nm. 
4 • PROCEDURE 
standards were prepared as followed : 
[Vitamin E] Volume of volume of EtOH 
/.Iq / ml vitamin E (/.11) 
standard (/.11) 
.. 
. . . 
20 200 800 
15 150 850 
10 100 900 
. 
5 50 . 950 
0 0 1000 
. 
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1. 200 ",1. plasma or standard. (- 200 ",1. of' 
distilled Hzowas added to all standards) was 
mixed with 100 ",1. of 5mg/m1 vitaminE acetate 
(internal standard). 
2. To this was added 100 ",1. hexane. 
3. This was thoroughly mixed and then centrifuged 
for 2-3 minutes at 4°C in a Koolspin. 
4. 75 ",1. of the hexane layer was taken, dried under 
Nz and the residue frozen until analyzed by HPLC. 
5. Samples were defrosted prior to analysis and 
diluted with 40 ",1. of hexarie. ! 
6. 20 ",1. of dilUted sample was injected into 
the HPLC equipment. 
The vitamin E had a retention time of approximately 
4 minutes , and the Vitamin E acetate approximately 
6-7 minutes. 
A calibration curve of the ratio of the area under 
the vit. E and the area under the Vitamin E 
acetate peak against vitamin E concentration was 
prepared. 
The concentration of the vitamin E in the plasma 
samples was·read·from the graph. 
66 
0.7 
Cl) 
... 
III 
Qj 0.6 
u 
III 
W 0.5 
...: 
> 0.4 
-. 
U! 0.3 
I-
:> 0.2 
0 
I- 0.1 
< 
a: 
0 
0 5 10 15 20 
CONCENTRA TION OF VIT.E· ug/m1 
Fig 2.4 Standard calibration curve for Vitamin E. 
67 
2.4.8. SDUK VJ:TAJUJf C COIfTDIT 
This was analyzed by HPLC using the method as 
described by G.Butcher(27). 
1. REAGENTS 
10'% Metaphosphoric acid 
Mobile Phase·: 
Acetonitrile : KH2P04 (15mM)water : glacial acetic 
acid. 
83.9: 16 : '0'.9 (v/v). 
2 • EQUIPMENT 
The same HPLC equipment as for the ****-tocopherol 
analysis was used with a 10' micron, 25 cm x 4.6 mm 
Lichrosorb-NH2 analytical column (Technicol 
stockport, UK.) . 
3. OPERATING CONDITIONS 
A flow rate of 2ml/minute, with detection at 254nm. 
4. PROCEDURE . 
Preparation of standards : 
The standards were prepared by dissolving Ascorbic 
acid in 5% Meta phosphoric acid. 
The concentration range of the standards was 7.5 mM-
12O'mM. 
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Preparation of samples 
Blood serum was added to 10% Metaphosphoric acid in 
a 1:1 proportion. This was vortex mixed and the 
supernatant coliected. 
The supernatant was immediately frozen in liquid N2 
and stored at -700 C until analysis. The samples 
were defrosted immediately prior to analysis. 
100 ~l. of sample/standard was injected into the 
HPLC injector. 
The retention time for ascorbic acid was 
approximately 6-7. A calibration curve of the area 
under the ascorbic peak against concentration was 
prepared. 
20 40 60. 80 100 120 
CONCENTRATION OF VIT.C umol/ml 
Fig 2.5. Standard calibration curve for Vitamin C. 
, 
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2.4.9 STATISTICAL METHODS 
The statistical methods used were as follows : 
-in case of CK changes the Bateman function, which is in 
principle a combination of a saturation function and a 
halflife function and ,is known from pharmacokinetic 
investigations. The modified version to demonstrate the 
\' course of the CR acti vi ty over the time, is: 
, 
I 
.d A' A, ( k, ) (-<' -,<!) ,~= +-- ee"-e 
b V k,-k • 
.4,= eR activity, at time "t" (U/L) 
Ab= basal CR (U/L) 
A,= total released eR (U) 
V= Bloodvolume (L) 
k,= releasing rate constant (hr-I) 
k= elimination rate constant= O.69/Halflife of eR 
• 
activity (hr-I) 
1= time (hr) 
Using the obtained values, the formula for the eR activity 
over the time is: 
A,(%.) =35.07+ ~ e2.71(0.96' - 0.94') 
_ in case of all other experiments two tails student's t-
test. 
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3.1 XRTRODUCTXOB 
There are two main patterns of exercise : intermittent 
and continuous. Intermittent exercise usually involves 
short periods,of high intensity activity separated by 
periods of rest, 
eg., a football match, game of squash or. shuttle run. For 
experimental purposes the shuttle run can be designed in 
a way that it mi~icks.a soccer match. 
3.1.1 KBTABOLXC ASPBCTS 01' XBTBRJa'l'TBBT ACTXVXTY. 
Free fatty acids (FFA), and intramuscular energy 
stores, 
ie., adenosine triphosphate, creatine phosphate, glycogen 
and triglyceride are the major energy fuels used during 
exercise. The relative contribution from these sources 
and the metabolic response depends on the mode, intensity 
and duration of exercise. 
The energy ne~d~d ~or bursts of a more intense 
activity interspersed with repeated periods of a lighter 
activity or rest comes predominantly from aerobic 
metabolism, with only a small fraction produced by . 
anaerobic processes. 
71 
It has been suggested that intermittent exercise uses 
energy produced by glycolysis with uptake of glucose from 
blood, lipolysis with FFA uptake and also use by using 
intramuscular triglycerides, (28,69,52,74). 
It has been found that the higher the pre-exercise 
level of triglycerides (TG) the greater their decrease 
post-intermittent exercise. This may indicate that if 
muscle TG stores are available they will be utilised 
providing a glycogen-sparing effect, (53). 
Lactate is a well established energy source during 
exercise, however not all cells behave in the same manner 
with regard to their lactate uptake and/or removal, 
because of its heterogeneity muscle can be involved in 
lactate production (notably in fast fibres) and lactate 
uptake (notably in slow fibres), (24,76). 
Predominantly aerobic, intermittent activity is 
associated with relatively low lactic acid levels, (12). 
It has also been found that blood lactate levels, 
gradually decrease during repeated bouts of exercise 
separated by adequately long periods of rest, (eg 45 sec 
of running on the treadmill set at a defined slope and 
speed followed by 9 min of rest, repeated 4 
times,[142]). Th~s. ca~ be explained by two non- exclusive 
possibilities: 
- Part of the lactate produced during a given exercise 
session can be used as an energy source during the 
following exercise session. 
72 
- Diffusion of lactate from its production sites is 
slow, and each subsequent exercise session takes 
place while the lactate produced during the previous 
exercise session is still diffusing through an ever . 
increasing volume of body water. 
It has also been suggested that inactive muscles play 
an important role in the removal of lactate after single 
bouts of heavy exercise, (163). 
Buono et aI, (25), found that the metabolic responses 
due to the· first bout of exercise varied in form from the 
second consecutive bouts of intermittent activity. with 
respect to lactate it has been suggested that immediately 
after the second'bout; lactic acid (HLa) and AHLa values 
were both significantly smaller than those immediately 
after the initial bout, (25). This suggested a larger 
aerobic energy component in intermittent exercise than in 
continuous activity. The changes in HLa and A HLa may be 
the result of inhibition of glycolysis by pH, (42) and 
FFA, (61,134). 
This motion has been supported by the finding that the 
mean pH is lower at the start of the second (T2) bout of 
exercise, (25). 
Furthermore FFA levels have been suggested to be elevated 
at the beginning.of Tz' (25) leading to an increased rate 
of lipid metabolism and a diminished dependence on muscle 
glycogen, (41,75). 
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It has been suggested that intermittent contractions lead 
to greater energy consumption than continuous 
contractions, (34). The differences in energy consumption 
could be explained by Ca2+ transport and actomyosin ATPase 
activity during a contraction-relaxation cycle. 
When muscle works intermittently, Ca~ pumping has to 
restore the resting intracellular Ca~ gradient following 
each contraction. 
Fast and slow twitch muscle fibres have a tendency to 
increase their economy of contraction. However this is 
most pronounced in fast-twitch fibres, which decrease 
their actomyosin turnover, (34). Human muscles are 
composed of mixed fibres, therefore the contractions 
would not be long enough for fast twitch muscle fibres to 
enter a more economical state of cross-bridge handling, 
and resting periods could be long enough for the fibres 
to recover in this aspect leading to an increase in 
consumption, (34). 
3.1.2. OXYGEN TRANSPORT DURIRG IBTBRHI~BHT BXBRCISB 
Oxygen transport-by the blood to the muscles during 
work is both absolutely and relatively less when the work 
is intermittent. Intermittent exercise involves 
predominantly aerobic work, therefore it must be 
dependent upon the amount of oxygen which the muscles 
have available at the moment when the work is started, 
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ie., the amount of 02 which is already in the muscles and 
the amount which can be transported by the blood during 
the work itself, (13). 
In the muscles oxygen'is bound to myoglobin. During 
intermittent exercise the myoglobin must have time to be 
reloaded with 02 before the next work period begins. 
The importance of the length of work period before the 
02 deficit occurs and aerobic metabolism begins, is shown 
in' Fig3.1 
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Fig 3.1 from Astrand, (13). 
During work periods of 2-3 min, the oxygen transport 
to the muscles is relatively greater but never becomes 
adequate, and the 02 bound to myoglobin, which suffices 
for only a short part of the whole work period, becomes 
of much less importance, (12). 
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The amount of 0z in the muscles is higher during short 
periods of work followed by rest when compared to levels 
of continuous ex~rcis~ of the same work-load. Studies of 
ventilatory responses to intermittent activity have shown 
that the cumulative 0z uptake is significantly larger for 
Tz than for T" (25). 
3.1.3. THERMAL RESPONSBTO IBTBRKITTB*T BZERCZSB. 
The thermal response due to a game of squash show 
progressive increases in rectal temperature during the 
match and temper~ture~ greater than 39°C at the end of it, 
(21). Mecrcier et al (118) found that the highest rectal 
temperatures occurred in the trained individuals. This 
suggests that physical training induces more efficient 
heat losses and improves heat tolerance, (14). 
3.1.4. MBCBABI:CAL RBSPONSBS 0., 'nIB XUSCLBS DUB TO 
IBTBRKITTBlfT BZERCZSB. 
Studies of mechanical responses due to intermittent 
activity showed decreased force generation in comparison 
to continuous activity of the same initial force, (175). 
Duchateau et aI, (47) showed that activity involving 
short contractions and rest periods is more fatiguing 
than a continuous contraction. 
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Christensen et al, (35) studied the differences in 
mechanical efficiency in relatively low load continuous 
work versus work with higher loads, and breaks. They 
concluded that mechanical efficiency was the same or 
slightly less when. continuous work was replaced with 
intermittent one. 
CHAPTER 3. 
INTERMITTENT EXERCISE 
I 
I 
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3.2 KBTBODS 
3.2.1 SUBJECTS 
As described in chapter 2.1. 
3.2.2 BXBRCXSB PROTOCOL 
As described in chapter 2.2 for intermittent exercise. 
3.2.3 BLOOD SAXPLXRG 
As described in chapter 2.3. 
3.2.4 BXOCBEMXCAL TBSTS 
As described in chapter 2.4 
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3.3 RESUL'l'S 
3.3.1. CBUJGBS DJ SEaUX ex AC'l'ZVI'l'Y 
When studied as a group there was significant 
difference in serum eK activity following shuttle 
running, Fig, 3.2. All subjects showed increases in ex 
activity approximately 24-48 hours after exercise. Table 
3.1., shows the levels of serum CK activity in different 
sUbjects. 
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Table 3.1, changes of serum CK activity in different 
subjects, (n=9). 
SUBJECT TIME 1 TIME 2 . TIME 3 TIME 4 TIME 
1 10.3 30.1 27.9 41.2 23.6 
2 17.9 48.7 139.7 96.1 81.1 
. 
. . 
3 19.9 40.9 97.2 105.2 43.2 
4 58.5 125.3 306.0 31.6 30.9 
5 54.9 40.0 59.3 276.3 19.9 
6 31.8 98.9 189.8 160.1 156.3 
7 15.4 78.8 . 83.2 41.1 35.7 
8 62.7 85.1 50.8 45.6 40.6 
9 44.2 .. 53.3 95.8 32.3 35.1 
Time 1 = Immediately before exercise 
Time 2 = Immediately after exercise 
Time 3 = 24 hrs after exercise 
Time 4 = 48 hrs after exercise 
Time 5 = 72 hrs after exercise 
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3.3.2 SERUM TBARS CONTENT 
No significant differences in serum TBARS levels were 
observed, Fig3.3. 
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Fig.3.3 Changes in TBARS activity ,due to intermittent 
exercise. n=9 
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3.3.3. ANTIOXIDANT ENZYME ACTIVITIES. 
The activity of red blood cell superoxide dismutase 
significantly decreased in all subjects by 24 hours after 
the shuttle run, Fig 3.4, and was still significantly 
reduced after 72 hours. 
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Fig.3.4 Changes in SOD due to intermittent exercise. n=9, 
*P<0.05 compared with immediately before exercise. 
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The activities of red blood cell catalase and 
qlutathione peroxidase did not change significantly, 
Figs 3.5 and 3.6. 
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3.3.4. ClIAHGBS l:N ANTl:OXl:DANTS DUB TO SH01-J:LB RUN. 
The levels of erythrocyte total and oxidised 
qlutathiones did not chanqe significantly over the 
period of time studied (Figs 3.7 and 3.8). 
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Concentrations of Vitamin E decreased significantly 48 
hours after exercise, Fig 3,.9. 
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Fig.3.9 Changes in plasma Vitamin E concentrations due to 
intermittent exercise. n=9, *P<O.05 compared with 
immediatelly before exercise. 
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The most pronounced changes due to intermittent 
exercise were seen in the serum vitamin C levels. 
A significant rise immediately after exercise was 
followed by a significant post-activity fall by 24 hours 
which became more pronounced at 48 and 72 hours post 
activity, Fig 3.10. 
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Fig.3.10Changes in serum vitamin c concentrations due to 
intermittent exercise. n=?, *p<o.os·, **p<o.oos compared 
with immediately before exercise. 
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3.4. DZSCUSSZOH 
Intermittent exercise is the most commonly performed 
form of human activity. Hence it is of interest to 
determine whether a high load repeated activity, 
( eg.,the shuttle run ) can cause muscle damage, and if 
so whether free radicals have any involvement in the 
damaging process. 
The serum activity of the enzyme creatine kinase 
is commonly measured as an indicator of muscle damage, 
although the mechanism of CK release from the muscle is 
still unknown. In this investigation we found 
significant changes in serum CK levels due to 
intermittent activity, subjects showed raised activities 
of CK 24-48 hours after exercise. 
The variability in response of our subjects is 
surprising, but may reflect the fact that some subjects 
were more highly trained in this exercise than others. 
However muscle damage has still been observed in all 
subjects. 
Theoretically the high aerobic content of this 
.. . 
exercise should induce considerable generation of 
free radicals (superoxide) from increased mitochondrial 
I 
. I 
I 
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activity and hence in the presencee of 
muscle damage it was of interest to determine if free 
radical increases could be detected following shuttle 
running. We therefore investigated various indicators of 
free radical activity. 
No changes were observed in most indicators. No increase 
in TBARS or oxidised glutathione was seen and the 
activity of the three most important enzymes SOD, CAT 
and GPX did not change significantly due to intermittent 
exercise. 
In contrast the data obtained from experiments 
investigating changes in Vitamin C and E was very 
surprising. There was a significant decrease in vitamin E 
levels 72 hours after exercise. This together with the 
initial mobilisation and subsequent pronounced decrease 
in 
vit c levels could be indicating that free radicals were 
produced due to our exercise protocol and a metabolic 
consumption of antioxidants had occurred. 
A complicating factor in the interpretation of this 
. data may be changes in diet during the study. However it 
is unlikely that all subjects simultaneously reduced 
their vitamincintake following the exercise and hence 
we consider this explanation unlikely. 
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Attempts to correlate tbechange in Vitamin C content 
with increased CKactivity did indicate that 
subjects showing evidence of muscle damage had the 
greatest change in vitamin C content (results not shown 
in detail),which.argues pro an involvement of free 
radicals in both processes. 
In summary intermittent exercise appeared to cause 
only minor amounts of muscle' damage and little evidence 
was obtained of increased free radical activity. However 
intermittent activity involves all types of dynamic 
muscle contractions, with a relatively small contribution 
from eccentric activity and many investigators have 
indicated that lengthening contractions are the most 
damaging to muscle fibres. 
We therefore decided to examine the effects of 
predominantly ecc;:e.ntr;c muscle contractions on' free 
radical activity and muscle damage. 
CHAPTER 4. 
STEP EXERCISE . 
UNTIL EXHAUSTION 
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4.1 ZBTRODUCTZOR 
The studies described in this chapter were aimed at 
investigating whether continuous exercise involving 
repeat lengthening contractions until exhaustion caused 
muscle damage and if so , whether free radicals were 
involved in the pathogenesis. 
Continuous exercise has been studied in the past using 
different human and animal models. A number of 
biochemical differences have been found between 
continuous and intermittent activity. 
4.1.1 BZOCBBJaCAL CBMIGBS DUB TO COJr.rZRUOUS BDAUSTZVB 
BXBRCZSB. 
During continuous exhaustive exercise the demand for 
the energy output of a muscle exceeds that which can be 
derived from the oxidative pathways. Therefore glycolysis 
proceeds at a rapid rate and large amounts of lactate are 
formed, (90). 
The maximum rise in lactate levels has been found to 
occur almost immediately after the end of continuous 
exercise until exhaustion .. ' (6) • 
A very high blood lactic acid concentration may be one 
of the factors contributing to fatigue, (68). 
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It has been reported that following exercise, a reduction 
in blood lactate levels was coincident with a sustained 
rise in serum uric acid, although this remained at it's 
highest levels for some time after blood lactate returned 
to pre-exercise levels,· (6). 
The relationship between changes in uric acid and 
lactate levels due to different types of exhaustive 
exercise is shown in Figs, 4.1 and 4.2. 
Fig.4.1 Changas in serum uric acid and blood lactate 
levels following a 5-6 min treadmill run to exhaustion. 
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Uric acid is the main end product of the metabolism of 
purine bases, and may result from the degradation of 
adenine and guanine.The precursors for uric acid are 
hypoxanthine and xanthine, (92,93). 
The enhanced uric acid production was associated with 
possible activation of purine degradation resulting from 
a decrease in the ATP:AMP ratio, (94,154). 
Further changes in·blood sera due to exhaustive 
exercise include decreases in calcium and magnesium 
concentrations, (141). The change in magnesium reflects a 
transfer. into erythrocytes and perhaps other cells, 
(140). The change in calcium may reflect a transfer into 
adipose cells associated with the release of FFA in 
response to sympathetic activity in adipose tissue or the 
general release of norepeniphrine from the adrenal gland, 
(65,65). In addition, it may reflect diminished calcium 
absorption and calciuria associated with aciduria. 
A 50% increase .in $erum CK concentration was also seen 
in humans and dogs, subjected to exhaustive exercise, 
(141,68). This rise has been attributed to a combination 
of diminished removal of CK from the blood by glomerular 
filtration in the kidney, and to an increased rate of CK 
formation in the muscle, (141)~ 
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4.1.2 RESPONSES 01' ABTXOXI~ SYSTEKS TO 
BXERCXSE 
JaJlAUST:tVE 
The concentrations of GSH and GSSG have been reported 
to be significantly increased in muscles from rats 
subjected to exhaustive exercise, (85). Concentrations of 
the glutathione-related aminoacids glutamate, cysteine 
and aspartate. were also found to be significantly 
enhanced in the same muscles, (85). The activities of the 
major antioxidant enzymes GPX, SOD and CAT were also 
found to.be significantly elevated, (85). These changes 
have led to the proposal that exhaustive exercise can 
impose a severe oxidative stress on skeletal muscle 
leading to free-radical mediated muscle injury, (85). 
4.1.3. LENGTHEBl:JI1G EXERCXSE AS '.I.'BB MOST 
DAlmGXJI1G DYDJfl:C ·1'0lUI· 01' JlUScm.n ACTxv:tTY. 
Eccentric contractions have ben found to generate the 
greatest tension per muscle fibre, and the biggest loss 
of voluntary and electrically stimulated force 
generation, (39,91,98). 
They are the only dynamic muscular contraction that 
leads to morphological changes of muscle fibres, (126), 
that progresses with time and are accompanied by a 
delayed release of CK into the blood stream, (127). 
Delayed onset muscle pain and discomfort are widely 
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associated with this form of exercise, 
(128,127,1,43,57,58,15). A more complete discussion of 
the effects of eccentric exercise can be found in 
sections 1.1, 1.2 and 1.3 • 
... 1.... 81l11DRY 
In this chapter we chose an exercise protocol which 
was felt to be likely to induce a large amount of muscle 
damage. The volunteers were untrained and were subjected 
to an exhaustive exercise test which contained a 
SUbstantial amount of lengthening activity. In this way 
it was hoped to produce a reliable model of exercise-
induced muscle damage in which we could look for evidence 
of free radical involvement. 
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".2 JIB'l'BODS 
. ".2.1 SUBJECTS 
As described in chapter 2.1 
".2.2 BXBRCZSBPROTOCOL 
As described in chapter 2.2 for step exercise. the 
exercise was carried out until exhaustion. 
".2.3 BLOOD SAMPLrNG 
As described in chapter 2.3. 
".2." BZOCHBMZCAL TBSTS 
. As described. in chapter 2.4. 
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C.3 RESULTS 
C.3.1 CDlIGBS DJ SBR1JJI CJt AC'lrnn 
.There was no significant changes in serum ex activity of the 
group of subjects following step exercise until exhaustion, (Fig 
4.3). However two of the subjects (subjects 1 and 3) showed large 
elevations in the enzyme activity 48,72,96 and 120 hours after 
exercise, (Table 4."1j. 
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• Table 4.1 Changes in serum CKactivity in different subjects 
TIME SUBJECT SUBJECT SUBJECT SUBJECT SUBJECT 
1 2 3 4 5 
"" 
Tl 52.7 44.7 27.9 20.5 12.5 
T2 55.9 47.6 36.7 52.7 37.0 
T3 114.2 44.7" 73.0 41.1 26.9 
. 
T4 269.3 55.7 153.0 59.1 20.8 
T5 526.6 44.7 522.7 45.4 20.4 
" " 
. 
T6 491.2 29.8 482.5 43.4 51.2 
T7 251.7 20.4 327.9 57.7 31. 3 
I . 
T8 60 21.9 15.5 32.4 27.3 
Tl = immediately before exercise 
T2 = Time immediately after exercise 
T3 = 24 hours after exercise 
T4 = 48 hours after exercise 
T5 = 72 hours after exercise 
T6 = 96 hours after exercise 
T7 = 120 hours after exercise 
T8 = 144 hours after exercise 
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4.3.2 SERUM TBARS CONTENT 
No significant differences in serum TBARS levels were observed 
following exercise, (Fig 4.4). 
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4.3.3 
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ANTIOXIDANT ENZYME ACTIVITIES 
The activity of RBC superoxide dismutase showed surprising 
changes. It decreased significantly 24 and 120 hours after the step 
exercise and was very significantly elevated 96 hours after the 
stepping exercise until exhaustion, (Fig 4.5). 
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Fig.4.5 Erythrocyte. Sod activity following a step exercise until 
exhaustion. n=6, *P<0.05, **P<0.005 comparing with immediately 
before exercise. 
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The activity of red blood cell catalase did not change 
significantly following exercise, (Fig 4.6). 
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The activity of RBC glutathione peroxidase was significantly 
increased 72,120 and 144 hours following the exercise, (Fig 4.7). 
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Fig.4.7 ErythrocyteGPX activity following step exercise until 
exhaustion. n=6, *P<0.05,**P<0.005 comparing with before exercise. 
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4.3.4. CHARGES IN ANTIOXIDANTS FOLLOWING STEP EXERCISE UNTIL 
EXJD\USTION 
The levels of erythrocyte total glutathione were significantly 
decreased 72 and 96 hours after the step exercise, (Fig 4.8). 
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Fig.4.8 Erythrocyte Total Glutathione following a step exercise 
until exhaustion. n=6, *P<0.05, **p<0.005 comparing with before 
exercise; 
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The concentrations of RBC oxidised glutathione were found to be 
decreased significantly from 24 hours onwards, after the exercise, 
(Fig 4,9), although resting levels were much higher than previously 
observed, (Fig 3.8). 
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Fig.4.9 Erythrocyte GSSG following a step exercise until 
. exhaustion. n=6, **P<0.005 comparing with before exercise. 
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A significant decrease of plasma Vitamin E concentrations was 
seen 48 and 72 hours after exercise, (Fig, 4.10). 
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Fig.4.10 Plasma vitamin E concentrations following a step exercise 
until exhaustion. n=6, *P<0.05 comparing with before exercise. 
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The blood serum vitamin C levels did not change significantly 
following the exhaustive exercise, (Fig 4.11). 
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Fig.4.11 Serum vitamin C following a step exercise until exhaustion. 
n=6 
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...... DISCUSSIOB 
Exhaustive exercise involving sUbstantial lengthening 
contractions of muscle is commonly believed to cause 
muscle damage. Hence it was of interest to determine 
whether a high load continuous exercise 
(eg. step exercise) until exhaustion could lead to 
increased free radical activity. 
The mean values for the most commonly used. biochemical 
indicator of muscle damage (serum CK activity), did not 
show any significant increases following exercise. 
However the two most unfit subjects, showed enhanced 
blood creatine kinase levels 72 - 120 hours following the 
step exercise. 
The variability in the responses of our subjects was 
surprising, but may reflect either high level of training 
to this kind of activity in some subjects (some 
volunteers were stopped after 50 mins of ~xercise) or the 
lack of motivation of some subjects to carry on stepping 
when it became uncomfortable (some volunteers stopped at 
15-20 minutes of exercise). Another possible explanation 
for the lack of any consistent pronounced rise in 
creatine kinase activity is the fact that continuous 
exhaustive exercise has a relatively low aerobic 
metabolism content. It is the aerobic factor that is 
hypothesised to induce the generation of superoxide free 
radicals from increased mitochondrial activity. 
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To investigate whether free radical activity was 
increased following stepping exercise until exhaustion we 
studied both direct and indirect indicators of free 
radical activity. 
The data obtained are somewhat contradictory. Serum 
TBARS did not change following the exercise, but 
significant increases in erythrocyte GPX and SOD were 
seen. This appears to indicate some response to increased 
free radical activity during the exercise and is in 
agreement with other workers, (138). The possibility of 
increased free radical activity was also supported by a 
significant fall in the serum Vitamin E and total 
glutathione following exercise~ (Figs 4.8, 4.10), 
suggesting some consumption of these antioxidants may 
have occurred. 
No changes in Vitamin C were seen in contrast to the 
data obtained following shuttle running, (Fig, 3.10). 
The observed significant decrease in oxidised 
glutathione levels may be artefactual due to the fact 
that the initial levels were unusually high. 
The red blood cell catalase levels did not show any 
consistent significant increase, however two subjects 
presented with highly increased levels of CAT activity 
120 hours after the exercise protocol. This finding was 
not related to the elevations in serum CK. 
This study has therefore showed some evidence of 
changes in the levels of free radical scavengers and in 
the activity of antioxidant enzymes following continuous 
• 
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stepping exercise till exhaustion, but the data displayed, 
a high level of variability between the subjects. It was 
evident that there was a need for a better controlled and 
standardised lengthening exercise. We felt that it would 
be beneficial to define the length of time for which 
subjects exercised. Thus we should be able to eliminate 
the differences in motivation between volunteers, since 
they perform at the same work load • 
CHAPTER 5. 
30 MIN OF STEP EXERCISE 
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5.1. DlTRODUCTIOJI 
The experimental design studied in this chapter is 
similar to that of Chapter 4 with one important 
difference, our subjects were set a goal to achieve. They. 
were asked to exercise for 30 minutes. 
The expected metabolic changes as a result of stepping 
for 30 minutes were similar to ones described during the 
exercise till exhaustion. The energy production during 
exercise was mainly by anaerobic processes, with the 
possibility of m\1.s.cle. ischaemia occurring. 
5.1.1 POSSIBLB DlVOLVBKBI1'.l' 01' IscmlJO(n MID JlBPBRI'OSIOJI 
IN XUSCLB DAMAGING PROCBSSBS. 
Ischaemia may be caused by the contraction of muscle 
resulting in the occlusion of intramuscular blood 
vessels, (163). Re-establishment of the blood flow after 
the cessation of exercise has two beneficial consequences 
for the ischaemic muscle : the energy supply is restored 
and toxic metabolites are removed, (163). Paradoxically 
however, reperfusion of an ischaemic tissue precipitates 
a cascade of events that induce further local tissue 
damage, (163). 
The critical factor leading to ischaemia induced cell 
death, is the depletion of cellular energy stores 
particularly ATP. 
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When ATP dependent mechanisms such as cell membrane 
pumps fail, cytoplasmic levels of Caz+, Na+ and Cl" 
increase, depolarisation occurs and x+ leaks from cells 
. along with produc;:ts ofATP de-phosphorylation. Raised 
intracellular levels of caz+ are extremely toxic to the 
cell, since normally this ion serves as a delicately 
regulated 2nd messenger, controlling a wide variety of 
intracellular processes. The net effect of ionic change, 
cellular oedema and membrane potential alteration is a 
swollen cell, low in energy precursors and a severely 
injured cell. The catabolism of ATP during ischaemia 
results in the accumulation of the purine metabolites 
hypoxanthine and xanthine. At reperfusion, oxygen is 
reintroduced with the potential production of urate and 
the superoxide f:r;e.e r~dical as byproducts, (203) ,**** 
(see 1.4.3.), hence providing one mechanism for post-
exercise muscle damage. 
5.1.2 POSSXBLB XIIIPLUBHCB 01' KOTXVATXOB OB PBRI'ORDBCB 
Motivating people to perform to their full potential 
or to sustain maximum effort in order to complete a task 
successfully has always been difficult. One of the 
reasons for this problem is that motivation is part of 
. 
the subject's personality. During the experiment it is 
not possible to change a volunteers character, therefore 
in order to encourage maximum performance it is necessary 
to set a goal. 
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Locke in 1966 (191,192) hypothesised that an 
individual's conscious intensions regulate his or her 
subsequent actions. Specifically setting realistic, but 
. . 
difficult goals will result in higher levels of 
performance than setting difficult or ·do your best" 
goals. This theory was supported in the laboratory by 
utilising a variety of cognitive and motor tasks, and in 
field experiments designed to bring about solutions to 
industrial problems (99,100,101,102). 
In sport it has been found that subjects who were set 
specific, hard goals on an endurance task performed 
significantly better than subjects who were told to do 
their best, (22). 
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5.2 KBTHOD 
5.2.1 S~CTS 
As described in chapter 2.1 
5.2.2 BXBRCXSB PROTOCOL 
As described in chapter 2.2 for 30 min step exercise. 
5.2.3 BLOOD.SAHPLXHG 
As described in chapter 2.3. 
5.2.4 BXOCBBKXCAL KBTHODS 
• As described in chapter 2.4. 
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5.3 RESULTS 
5.3.1. CHaBGBS rH sera. CK Acrrvx~. 
The levels of serum creatine kinase (ex) activity. 
again showed a marked variation between the subjects 
although the mean serum CK activity was found to be 
significantly enhanced following 30 minutes of step 
exercise, (Fig 5.1). 
The individual serumCK values obtained from different 
volunteers as shown in Table 5.1. 
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Table 5.1 Changes of serum ex activity in different 
subjects 
. TIME SUBJECT SUBJECT SUBJECT 
1 2 3 
T1 66.4 88.9 36.9 
T2 63.2 75.6 27 .• 6 
T3 136.7 36.0 37.4 
. 
T4 219.8 " 147.7 162.6 
-
T5 133.2 27.1 175.2 
T6 140.0 220.8 
T7 151.8 671.7 
.T1 Immed~ately before exerc~se 
T2 = Immediately after exercise 
T3 = 24 hours after exercise 
T4 = 48 hours after exercise 
T5 = 72 hours after exercise 
T6 = 96 hours after exercise 
T7 = 120 hOllrs'after exercise 
SUBJECT SUBJECT 
4 5 
46.3 55.0 
16.8 51.7 
42.8 50.5 
292.8 82.1 
15.1 17.0 
15.8 26.6 
30.0 
700 
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~400 
~ 
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Fig. 5.1.2 
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Fig. 5.1.3 
Box plot to show a significant increase of CK activity 48 
hrs after exercise (p<O.05 in paired t test) 
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5.3.2 SERUM TBARS CONTBIIT 
No significant differences in Serum TBARS levelS were 
observed following the step exercise, Fig 5.2. 
3.0 
Q 2.5 
e 
-c 2.0 e 
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~ 
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£: 
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rI.l 0.5 
O~----'-----'-----'-----'-~--' 
a 24 48 72 96 
TIME (hours) 
Fig.5.2 TBARS concentration following 30 min. of step 
exercise. TI-T5 n=5,T6 n=4, T7 n=3 
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5.3.3 AHTZOXZDAHT ENZYME ACTTVZTZBS 
The acti vi ty of red blood cell superoxide dismutase 
increased very significantly in all subjects 24-96 hours 
after 30 minutes of step exercise, (Fig 5.3). 
3.0 
** 
** 2.5 
** 
2.0 
1.5 ..... ~ 
1.0 
0.5 
o~----.-----.---~.-----.-----, 
a 24 48 72 96 120 
TIME (hours) 
Fig.5.3 Erythrocyte SOD activity following 30 min. of step 
exercise. n=5, **P<0.005 comparing with before exercise. 
n=5 at Tl-T5,n=4 T6,n=3 T7 
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A significant increase in the activity of red blood 
cell catalase was observed 96 hours after 30 minutes of 
stepping exercis~, Fi~ 5.4. 
0.5 
** 
a 24 48 72 96 
TIME (hours) 
Fig.5.4 Erythrocyte CAT activity following 30 min. of step 
exercise. n=5at TI-T5,n=4 T6,n=3 at T7, **P<0.005 comparing 
with before exercise. 
120 
120 
The red blood cell glutathione peroxidase showed a 
significant increase in activity 96 and 120 hours after the 
exercise, (Fig 5.5). 
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Fig.5.5 Erythrocyte GPX activity due to 30 min. step 
exercise. n=5at T1-T5, n=6 at T6, n=3 at T7, *P<O. 05 
comparing with before exercise. 
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5.3.4 CJDUfGBS l:1I ANTl:ODDU'l'S DUB TO 30 IIl:NUTBS Ol!' STEP 
BXBRCl:SB. 
The erythrocyte total glutathione was elevated 120 
hours following the exercise, (Fig 5.6). 
22 
20 
18 
16 
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10 
8 
6 
4 
2 
* 
O~----~------r-----~----~----~ 
a 24 48 72 96 
TIME (hours) 
Fig.5.6 Erythrocyte T~tal Glutathione levels following 30 
min. of step exercise. n as before, *P<0.05 comparing with 
before exercise. 
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The . investigation ·of erythrocyte oxidised glutathione 
levels showed large increases of GSSG 48 to 120 hour after 
eccentric activity, (Fig 5.7). 
5 
.* 
* 
** ** 
O~-----r-----.----~----~----~ 
a 24 48 72 96 120 
TIME (hours) 
Fig.5.7 Erythrocyte GSSG content following 30 min. of step 
exercise. n=5at Tl-T6, n=4 at T6, n=3 at T7, *P<O. 05, 
**P<0.005 comparing with before exercise. 
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The concentration of plasma· Vitamin E decreased 
significantly 120 hours after 30 minutes of stepping 
exercise, (Fig 5.8). 
30 
20 
10 
* 
04-----~-----r-----r----_.----_; 
a 24 48 72 96 120 
TIME (hours) 
Fig.5.8 Plasma Vitamin E concentrations following 30 min. 
of step exercise. n=5 at TI-T5, n=4 at T6, n=3 at T7, 
*P<O.05 comparing with before exercise. 
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No changes in serum Vitamin C levels were seen in 
response to 30 minutes of stepping exercise, (Fig 5.9). 
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Fig.5.9 Serum Vitamin C concentration following'30 min. of 
step exercise. n=5 at T1-T5, n=4 at T6, n=3 at T=7 
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5.4 Dl:SCUSSJ:OR 
The work described in this chapter was aimed at 
studying changes in an indicator of muscle damage (. Serum 
CK activity) and free radical indicators, due to 
exhaustive eccentric exercise. To achieve high level of 
performance our subjects were set a goal of stepping for 
30 minutes. All volunteers achieved this task, inspiteof 
the fact.that in the previous exercise using a similar 
exercise protocol, some of them stepped for only 15 
minutes after which they declared themselves unable to 
continue. 
The levels of the commonly used muscle damage 
indicator - creatine kinase varied greatly between 
subjects, however the group showed a significant increase 
48 hours after the exercise. This suggested that most of 
the subjects experienced some muscle damage approximately 
two days after the stepping. 
To determine whether free radicals had any involvement 
in the muscle damaging processes due to lengthening 
exercise we studied changes in free radical indicators, 
such as scavengers and antioxidant enzymes. 
Similar data were obtained compared with the previous 
study (Chapter 4) although the results were more 
consistent. Again significant rises in erythrocyte SOD 
i 
I 
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and GSHPX were seen together with a fall in Vitamin E; 
with the current protocol a sUbstantial rise in 
erythrocyte oxidised glutathione was also observed post-
exercise supporting the possibility of an increased free 
radical stress with this form of exercise. 
No significant changes in TBARS concentration, vitamin . 
C etc., were seen with this form of exercise. 
Overall therefore the data from this and previous 
study are consistent in indicating an increased free 
radical stress post-exercise, but there is a very high 
variability between subjects even when we attempted to 
control for the endurance of the subject. 
Therefore further studies should concentrate on 
further standardisation of the exercise protocol, to 
diminish or at least lower the differences between the 
subjects. 
Further discussion of the significance of findings in 
this chapter is included in the general discussion-
chapter 9. 
CHAPTER 6. 
GENERAL DISCUSSION 
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·6. GBRBRAL DISCOSSIOR 
The aims of this research were to determine whether 
free radicals are produced during realistic models of 
exercise in man, and whether free radicals are involved 
in the muscle damage which can occur following certain 
forms of exercise. 
The two forms of exercise were the shuttle run, which 
represented intermittent exercise with a high aerobic 
content and stepping exercise that represented a less 
aerobic form with a high proportion of lengthening 
(eccentric) muscular activity. Two experimental protocols 
involving steppi~~ we~e undertaken. In the first subjects 
exercised until exhaustion and in the second the exercise 
was continued for the same period of time (30 mins) by 
each subject. 
In order to determine whether muscle,damage took place 
following the exercise protocols, serum creatine Kinase. 
(CK) activities were studied. A common finding in all the. 
exercise protocols was a high variability between 
subjects in their CK response. Significant change in the 
group data was a rise in serum CK activity 48 hours after 
the 30 minute step exercise and 24 hours sfter the 
shuttle run. This increases in enzyme activity were seen 
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in all of our subjects.No significant change in serum CK 
was observed in the step exercise untill exhaustion. 
The reasons for the variability between subjects is 
not clear. A lack of CK release from muscle may be 
interpreted as either"as a lack of muscle damage due to 
the exercise or may be,due toa low release by some of 
our volunteers. The second possibility is the most 
tempting explanation for our findings, and it is in 
agreement with the findings of some investigators, (17) 
who divided subjects into two groups with respect to 
their CK response, ie., no/low responders and ·responders. 
In order to determine whether free radicals were 
produced in response to exercise, a number of biochemical 
tests were used. All were indirect and were mainly based 
on the changes in cellular antioxidant systems. 
A common findings for all three exercise protocols was 
a lack of any changes in serum TBARS levels. This finding 
was in agreement with Donnelly and Saxon et al, (151), 
but disagreement with Maughan et al, (107). However the 
lack of change may reflects a lack of specificity of the 
TBARS assay itself, (67). 
The study of the physiological systems which protect 
skeletal muscle from damage has provided us with 
information about changes in free radical activity due to 
exercise. 
The changes in antioxidants which were seen following 
the different exer.cise regimes, were. variable, but can be 
summarised as follows : 
I 
I 
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1. The highly aerobic shuttle running produced a fall in 
serum vitamin C and plasma Vitamin E levels following 
the exercise (see section. 3.3.4, Figs 3.9 and 3.10). 
No other significant changes in the antioxidant 
systems were seen. 
2. Stepping exercise involving considerable eccentric 
muscular activi~y leQ to an increase in the activity 
of erythrocyte SOD (section 4.3.3 and 5.3.3), 
glutathione peroxidase (section 4.3.3 and 5.3.3) and 
catalase (·section 4.3.3 and 5.3.3) activities, a fall 
in the total erythrocyte glutathione (section 4.3.4 and 
5.3.4) and an increase in the proportion of 
glutathione present in the oxidised form (section 
4.3.4 and 5.3.4). Plasma Vitamin E levels were also 
reduced following the stepping exercise (section 4.3.4 
and 5.3.4). 
These changes therefore appear to indicate that free 
radical species ~ay b7 produced in excess in both 
types of exercise, but clearly different pathways must be 
involved because of the different patterns of changes 
which result. These changes may however be explained from 
the known characteristics of the different types of 
exercise :' 
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1. Intermittent, highly aerobic shuttle running 
Previous workers have suggested that free radicals 
are primarily generated during this form of exercise 
by "leakage" of electrons from the mitochondrial 
respiratory chain (89). The data presented have 
indicated that this release is insufficient to result 
in muscle damage or an adaptive response by the 
antioxidant enzymes, but does lead to some depletion 
of serum Vitamin C and plasma vitamin E levels. It is 
therefore tempting to speculate that endogenous 
antioxidants are capable of preventing the major 
deleterious effects of the free radicals generated in 
this situation, with only a minor utilisation or 
redistribution of Vitamins C and E resulting from the 
increased oxidative stress. Another possibility is that 
the antioxidant systems studied may not be important in 
the prevention of free radical formation in this form of 
exercise and hence would not be expected to be modified 
in this situation." Mitochondria contain the Mn-SOD enzyme 
as a primary antioxidant defence, rather than the 
cytosolic Cu,Zn-SOD analyzed here. Unfortunately the 
mitochondrial enzyme could not be analyzed on the 
blood samples available for these studies. However 
future studies of this enzyme in muscle biopsies may 
be relevant. 
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2. Stepping exercise involving eccentric contractions. 
The possible sources of free radicals during eccentric 
contractions has been the subject of considerable 
discussion,. (89). The most popular theories are that 
Xanthine oxidase is the primary source or that 
generation of free radicals by invading white cells 
secondary to an initial damage may occur, (89). 
Whatever the source it is apparent that a much greater 
oxidative stress occurs than following the 
intermittent shuttle running. Adaptive changes in 
several erythrocyte enzymes, oxidation and loss of 
erythrocyte glutathione and a redistribution of the serum 
Vitamin E were a~L apparent. 
Our experimental protocol did not allow us to study 
muscle directly, but one possible explanation for the 
much greater changes seen following stepping exercise 
could be that the source of free radicals was 
extracelluar (eg., Xanthine oxidase of the vascular 
endothelium or circulating white cells) and hence 
likely to influence erythrocytes and serum antioxidants 
more readily than any superoxide generated within muscle 
mitochondria in the shuttle running experiment. 
A further pos~~bil~ty which warrants discussion is 
that the changes seen following the stepping exercise 
are secondary to muscle damage rather than caused by 
increase free radical activity during exercise. 
However comparison of the changes in those subjects 
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experiencing sUbstantial muscle damage compared with 
those who did not does not support this possibility. 
EFFECT OF CHRONIC EXERCISE ON FREE RADICAL ACTIVITY AND 
ANTIOXIDANTS. 
The work described· here has only examined the effect 
of acute exercise. Many studies have examined the 
effect of chronic exercise or training on various 
parameters and the changes seen are relevant to our 
understanding of the data reported here. It has been 
shown that exhuastive training increases the activity 
of the three most important antioxidant enzymes : 
CAT, SOD and GPX; ·(138). The most consistent data· 
comes from the investigation of skeletal muscle SOD 
activity. However it should be noted that the 
influence of exercise appears to be dependent upon the 
regimen of exercise and the human/animal model which 
are used. 
The investigation of total glutathione changes due to 
submaximal endurance exercise showed a depletion in 
'muscle and blood plasma, and the extent of the 
decrease was age related, (137). When the influence of 
endurance training on.GSH levels was studied it showed 
an increase in the total glutathione concentrations in 
skeletal muscle cell, (150). 
The investigation of changes in leucocyte Vitamin.C 
levels due to training showed significantly decreased 
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Ascorbic Acid levels in a group of professional 
football players at mid-season, rather than before the 
.season had started, (62). Endurance training was also 
shown to decrease Vitamin E levels, (4,50). 
In our investigation we studied the results of an acute 
bout of exercise and the data obtained seemed to confirm 
findings from chronic exercise. 
Thus the studies reported here. indicate changes in 
erythrocyte SOD, Catalase and glutathione peroxidase 
which may be an initial adaptive response. We can 
therefore postulate that a single bout of exercise can 
have a protective effect. furthermore if this response is 
constant when. subjects repeat the same type of exercise a 
prolonged protective effect response may occur. 
·DO EXERCISING SUBJECTS REQUIRE ADDITIONAL ANTIOXIDANTS 1. 
The data obtained here has shown a decrease in plasma 
vitamin E, serum vitamin c and erythrocyte glutathione 
following stepping exercise and may imply that subjects 
undertaking an acute bout of exercise could benefit from 
antioxidant supplements. 
It is also not known whether the observed acute 
changes in· vitamins and glutathione levels persist when 
the volunteers are subjected to repeated bouts of 
exercise, and if the antioxidant supplementation would 
have a protective effect. 
However this could be achieved by repeating the step 
134 
exercise.with subjects grouped into antioxidant 
supplemented and placebo'groups. 
There is some data indicating that vitamin c 
supplementation C?an h~ve beneficial effects on 
performance, but so far this has only been seen in the 
subjects with low initial AA content, (62). The findings 
involving Vitamin E supplementation are inconsistent and 
often contradictory, (126, 127, 128, 129, 130). 
It would be of great interest if further studies 
included two groups of subjects one being given placebo 
and the other vitamin C and E and glutathione precursors, 
before being subjected to a stepping exercise of equal 
load for each subject. 
PROPOSED FURTHER STUDIES : 
FUrther experiments in this area should concentrate 
initially on standardisation of the exercise test. These 
studies have indicated that the step exercise protocol 
results in muscle damage, however the data showed great 
variability. 
, It seems reasonable that the variability is related to 
the relative 'fitness' of the subjects and if so the 
variability may be decreased by either altering the time 
for which the individual subjects exercise or the height 
of the step on the basis of individual V02NX • 
An alternative way of achieving this would also be to 
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exercise the volunteers at the same level of lactate 
production. 
Another facto~ .inf~uencing the variability of the data 
may be the different antioxidant intakes of the subjects. 
FUrther standardisation of the studies might therefore be 
achieved by feeding our subjects the same diet for a few 
weeks prior to and a few days after the exercise. 
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